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ABSTRACT

An integrated method is presented for the synthesis of
enginecring systems whosce analysis may be constituted as a
system of linear or nonlinear algebraic cquations. This is
accomplished by casting the analysis problem as a residual
minimization subject to inequality constraints on behavier and
merit. A rational scheme is developed for converting these
constraints into penalty functions and the resulting unconstrained
mininization problem is solved for a decreasing sequence of merit
constraints which leads to an optimum design,

The method is illustrated by the dc\'clc')prrcnt of scveral
capabilities for the weight minimization of truss structures.
These include two distinct capabilities for the synthesis of a
general three dimensional truss with an arbitrary nurber of
nodes, members and topology. The design variables considered
are the diameter and wall thickness of each tubular membern and
tl.xe failure modes that are considered are excessive displacement,
yiclding, colum buckling, and local crippling,

Material and geormetric nonlinearities are included in some
of thesc capabilities and one provides for the optional linking
together of various design parameters,

The results of several nurerical exarples arc presented,
“These demonstrate the operation and efficacy of the method,

A method is presented for utilizing existing matrix
assemblers in conjunction with the integrated method,
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SIMMARY OF COMON SYMBOLS

The symbols and notation given below are those which
have a more or less wiform meaning throdghout the text, The
nurber in parentheses following the description of some of the
symbols referé to the cquation in which it first appears and
where it is usually defined in detail. The arrow o'vcr a
symbol indicates a vector, i.e., X = { Xy Xy ees xn} H
the symbol vy indicates the pradient of the function i,e,
qu = {a\b/axl, - 3¢r/axn}; the function < s >" is the bracket

function (sce 2,6 and preceeding).

_/i: the arca of’xthc' ith rember (.1
Kgi . a constant 6f the order of magnitude of Ki (3.28)
B.\'Dj the gcnemlksimple penalty function (3.39)
BNDDr the I-)r penalty function (3.949) -
BNDR the D I/'T'r penalty function (3.79)
BNIBrk the ?rk penalty function . (3.98)
pNot. o the Tr penalty function (3.95)
ESNDUj the Usik penalty function (3.97)
Cix sce equation ‘ (3.19)
Br* the mean tube diamecter (3.62) -
'(Ti* the distance to the attachment of -the (3.3)
ith member
(I)/t)i the D over t ratio of the ith mcmbc‘r (3.40)

..........................................................
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EQX, , T

R

Gix

I
KA’KG'KU
K

KD

Kfr
LCrk

LDxik

LDYik

LDik

LGI, L0,

Mi

sik

PPy

FQ\k,EQSik equilibrium residuals

Young's modulus

the tangent rodulus in the rth
wider the kth load condition

the Euler buckling penalty function

the weight penalty function
a buckling function

the height of the m-bar truss
nondimensionalizing factors
A constant

a constant

a constant

the local crippling penalty function -

X projection of the deformed length
y projection of the deformed length
the deformed length

the original length

a set of integers

a collection of integer pairs

" a sct of integer pairs

the magnitude of thc’kth load
a constant
a constant

the sth
applicd to the ith node

load corponents
uv-

member

component of the kth load condition

(3.5)
(3.77)

(3.99)

(3.21)(3.22),(3.67)

(3.31)
(3.39)
(3.3)
t3.7)-(3.11)
‘ (3.6)
(3.87)
(3.63)
(3.78)
(3.16)
(3.17)
(3.18)
(3.26),(3.60)
(3.67)
(3.86)
(3.64)
(3.1)
(3.27)
(3.21)
(3.62)

(3.12),(3.13)



sp(e)
sl

sri;

an integer power

a constant

see cquation

the stress displécemcnt residual

the colurn buckling safety factor
the colum buckling safety factor
the local crippling safety factor

a small constant

the wall thickness of a tube

the tangent rodulus buckling penalty

the displacement in the x direction for
the kth load condition

displacement components

the displacercnt in the y direction for
the kih load condition

the weight
the drawdown weight (or goal)

a yield stress

coefficient of thermal expansion

the angle of the kth load

a generalized design variable

the angle between the ith member for
the kth 1oad condition and the x axis

a generalized design variable

a direction cosine

-Vie

(3.5)

(3.23)
(3.20)
(3.28)
(3.40)
(3.76)
(3.77)
(3.45)
(3.62)
(3.39)
(3.3)

(3.63)
(3.3)

{3.29)

(3.30)
(3.5)
(3.5)
(3.1)
(3.87)

(341)

(3.88)

(3.61)



8Tk

— (C)*

Itk

a drawdown increment
temperature change

a constant

a convergence c¢riterion
engineering strain

a constant

the analysis residual

with a subscrint, 2 penalty constant,
see (3.45), (3.50),(3.54), (3.81)-(3.85)

weight density

the stress in the ith member in the kth

load condition

the local crippling stress linmit

the c&lwm1 buckling stress limit

a constant

the integrated analysis synthesis function

the maximun inteyrated analysis-synthesis
function
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(3.5)
(3.30)

(3.24)
(2,2)

(3.29)
(3.1)

(.77
t3.39)
(3.25)
(2.6)
(2.9)
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Chapter 1

INTRODUCTION

A.  General Background

To produce superior designs has long been a goal of the
engineer, In situations where the requircrments of a task permit
more than one design solution it is often deemed desirable to
choose the best possible solution to the problem. This quest
for the optimum desien has taken many forms and has called upon
a wide variety of techniques, e class of techniques which has
recently cvoked strong interest is automated optimum desipgn or
synthesis as it will be called in this paper. Synthesis is a
concept characterized by the idea that techniques can be Jdeveloped
that will lead inexorably to an optimum desien in much the suﬁn
way that analysis leads to a nrediction of the behavior of the
nathematical model {and hopefully of the real system). The
choice of the word "synthesis' for this concept is as an antonym
of the word "analysis',

Synthesis has analogous characteristics with analysis in”
that just as an analysis may uot predict a failure mode or
phenomena that it was not general enourh to consider, a synthesis
will not produce a design which it is not able to consider, Thus
a design process can be called synthesis when it leads without

wcertainty to a more or less unique result which is the best



possible design from some restricted class of designs, A dis-
cussion of some of the more philosophical aspects of optimization
will be found in section B of Chapter I.

By and large synthesis techniques to date have been so-called
design space* types. In these, an orthogonal space is visualized

in which each coordinate represents one design variable, Starting

from a given point (i.e, design) a path is generated which leads
to an optimum design., In this space surfaces are imagincd upon
which cach design has equal merit, For examle, if the weight
of a structure is taken as its measure of merit, the design space
will contain surfaces of cqual weight desiens, Note that every
point is called a design even if it cannot perform the assigned
task or tasks, When a design can perform its intended function

it is called an acceptable point or design, The complerient.

of this sct of points is, of course, the set of unacceptable

points.*t

In most reasonable problems ‘these two sets of points are

scparated by a single surface called the corposite constraint

surface, Every neighborhood of a point on this surface contains

* The wnderlined words in this section are constituents of a
jargon which while of more or less comron usage is by no means
uniformly defined,

+ In mathematical programming argot these arce referred to as
fcasible or wnfeasible points,



points of both scts, The points of the surfacc are called bound
points and gencrally are in the set of acceptable points, The
composite constraint surface is continuous but may have scars
along which it does not have a continuously turning tangent,
These scams occur because the surface is a patchwork of surfaces
cach of which represents a different design requirerent or the
same requirement applied to a different task or function, It
should be nuted that these surfaces often cannot bc_dctcrmincd
as explicit functions of the design variables, This fact leads
to some considerable difficulties as will be discussed below,

The optirum design is usually a point on the composite
constraint surface and is the best point of the acceptable sct;
In other words it is a point on the best merit contour having at
lcast one point in the acceptable region. The optimum may be at
a point where the tangent to the constraint surface is continuous
or at a scam or an intersection of scams,

The concept of the design space has been very useful in that
it has made it possible to bring to bear a number of valuable
fechniqucs from the mathematical propramming arca and has also
lcad to the developrment of new methods particulérly applicable
to cngincering problems, ' | :

A sampling of this work is'rcportcd in references 1 through
8. These methods have generally been successful in solving the

problems set down but there has been a trend toward increasing



difficulty as the complexity oé technology or sheer size of the
problem grows., This scoms to be due both to the above mentioned
lack of explicit knowledge of the constraint surfaces and to
their corplexity, Mmy of these rethods are prncticai attempts
to avoid the nced for explicit functional relations and some of
the more recent work notably that of Eﬂllaghcr et al.(s)*has
sought to ohtain approximate explicit knowledge of some of their
properties,

The principlc desim space rethods that have been anplied
to design problens are Steepest Descent-Alternate step and
the ethods of Feasible Directions and its variants, These will

now be described and discussed,

1. Steepest DNescent-Altemmate Step

This method avoids any need for explicit knowledee of the
cormposite constraint surface. A point in the acceptable region
is chosen and a redesign is made (called a rove) in a direction
normal to the constant merit surface family, This new design is
analyzed and tested against the constraints. If the point is
acceptable and not bound (called a free point) another stecp
descent move is made perhaps with some acceleration, This process
is continued until a bound point is obtained by iteration. This
occurrence ends the steepest descent mode and the altemate step

‘mode is entered, This consists of a side step away fram the

% Raised numbers in parentheses indicate references listed at the
-end of the text,



constraint to a free point of the sare merit as the bound point,
Since there is no knowledge of the orientation of the corposite
constraint surface this side step move must be made by some
trial and error process of gencrating points on the constraint
rerit contour. This may require the analysis of a large number
of dcsigns before the sought after free point is obtained,

After the free point of the same merit as the bound point |
is obtained the steepest descent rode is reentered and so on until
‘no.altcrnatc step can be made, This terminates the process and’
the last bound point is the optimum désiqn.

)

This method has been relatively succcssful(1‘7 in problems
of small size where the analysis could be performed with relative
case. DBecause of the large number of analyses which usually rust

be made the technique tends to be less efficient as ecither the

size or complexity grows.

2. The Methods of Feasible Directions.

These methods are characterized by the use of specific
Iocal knowledge of the orientation of the normals to the constrain-
ing surfaces to dircct the redesign process, In most enginecering
problems this information must be obtained by some sort of finite
difference operation about a bound point, This requires the
partial or complete reanalysis of at least as many designs as

there are design variables and usually requires twice that aumber,



There are many ways in which this information may be used
to direct the next redesign, First it is noted that the normal
or normals to the constfaining surfaces define locally the
"segment'" of the design space into which it may be possible to
move without violating the constraints, TFrom this concept, the
various techniques range from optimizing the rove dircction(g)
to taking a fixed choice(s). The methods also vary in the
rationale used to select the move distance once the direction
is established, This also may require the reanalysis of a
nunber of designs.,

Thcsc techniques have the véry valuable feature that when
an optimm is obtained the srocess teminates in a definite
fashion since, if the only directions of irmroverent lie outside
the permissible écgnnnt, the design is an optimum, In contrast
vith this desirable feature the rethods tend to suffer from the
need for a large number of analyses wmuch as do the steepest -
descent-alternate step methods, |

The method put forth in this paper is an attompt to avoid
the design-analysis cycle inherent in the design space methods;

It will no doubt ultimately be determined that various engincering
problems will best be solved by different methods. The method

of this paper shows promise for cormlex technologices and large

systems,



B. Some Philosophical Discussion

Because the endeavor to design engineering objects which
are optimez in some tecimical sénsc is an increasingly active
arca of rescarch and practice it has brought forth a rultitude
of interesting questions of both philosophical and practical
importance, The following is a discussion of some of these at
a qualitative level.. Many of the ideas presented are a distilla-
tion of long hours of conversation with people at Case Institute
of Technhology to all of whon the author is forever indebted,
This discussion may be skipped by the reader who wants werely
to know what rescarch was done and what vas accomplished. The
author expresses these ideas here bcc.:ms‘c there naybe no other
vehicle in which such a discussion is aporopriate.

Three questions which seem inextricably intertwined are
1) VWhy ol)timizcé, 2) Optinmize with respect to what property?,
3) How large a part of a systenm should be optimized?,

Setting aside for the rorent the question of whether it
is actually possible to optinize the solution to any cngincering
problem the answer to "Why optimize?' may scem trivial, If we
are considering, for example, a girder bridge for a highway
application, the lowest cost bridge which fulfills all of the
design requirements has obvious advantaces, In the design of a
ficld pack for a foot soldicr the lightest possible pack which

performs all of the necessary functions also has obvious desir-



ability, Thus at the outset one might say a design should be
optimized when an important property of the design is not or
cannot be specified in advance,

1f part of the desipgn reqxdmmcnts for the girder bridge
were that it cost less than x dollars, one might consider the
job finished when such a bridge was designed, lHowever, if there
was still some design leeway left, the dusigner might choose to
widen the bridge to the widest possible size to increase safety;
or he might maximize its maintainability or life expectancy or,
the press of competition being what it is, he might still choose
to mininize cost, In other words, if, after all the design
requirenents are met, there is still some clbow room the .designer
may choose or have chosen for him sorme dcsi_qh property to optimize,
Of course in some design situations what is left to vary after
meeting the requirements is of no immortance. These are broblcms
to which optimization is meaningless.

The above considerations have alrcady involved the questibn
of choosing a design property to optimize.  Amending and invert-
ing an carlier statcmcnﬁ one would say that a design should be
optimized with respect to the most important dcs'ign property which
is not specified in advance., This may -scem obvious but the |
catch is that it is not always a sirmple matter to determine thdl

is the most important property of a design,



For example, an airplane wing might be desipned for minimum drag
with a specified 1ift or maxinum 1ift with a specified drag or
minimum weight with specified drag and 1ift or to have the lift
ninus the weight a specified value and minimize the drag etc,
fuestions of what property or corbination of properties
arc the most irportant for optimization brings onc to the ques-
tion of how large a part of a cormmlete system should be optimized,
The very cxistence of open-ended desion pronerties is the direct
result of the fact that the system is only a part of a larger
desigm problem. In the example of the airplane wing we may rcally
be. trying to obtain some design requirement for the whole ship
such as pavload, range, speed or cost per ton mile, Because it
seems virtually ibmossible to comsider (at least analytically)
the entire airframe, aerodynamic shape, -cngines, control systenm,
etc, at once, the problem is broken into smaller vicces and
linked together by various “merit criteria,” The merit criteria
are chosen by experience, intuition and often by sheer expediency.
Thus an airnlane built w of engines optimized with respect
to fuel consurption and having a prescribed t]\rﬁst and wcié;ht, :1
wing shape ontimized for drag and having a prescribed lift, and
a structure designed after the acrodynamic envelope is designed
and optimized for weight might be a good design but would probably
not be optimum, The coupling merit criteria of fucl consumption,

drag, and weight are sclected to reflect the goal of say minimum
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cost per ton-mile for the complete ship but actually they may
only tend to bring the design in that direction, It is usually
cas} to convince oneself that in design problems such 55 an
airplane it is necessary to break the problem down into smaller
sub-problems which are linked together by rerit criteria; but
how far should this breaking down be carried? A cormon answer
has been that the larpest subsystem that can practically be
handléd by an automatic élgorithm should be optimized., It is
the author's oninion that this is nbt the best answer to the
question and the following discussion is an atterpt to illuminate
his reasons, '

In the above, the word "optimiic" has been used as if it
were a sort of mathcnufical operation. Lvery optimization
problem could theoretically be solved,in a sense,by trying all
admissible combinations of the desien variables for the selected
design type and picking the combination which vields a design
which satisfies all the requirements and gives the best value
of the merit criterion, This methed,of course,is impractical
even for small problems and becomes impossible for problems of
any practical size, lowever, ecven if it were possible to utilize
such a rethod, the optimization problem is really still not
solved because the sclection of design has been made from a
limited class, Tor example, imagine that -an optimum truss struc-

ture has been designed by this method for a given application; it
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is not inconceivable that a stiffened shell would be "more
optimum'® and after the optinun stiffened shell was designed it

is possible that the optimunm of some altogether new type .of
structural systen would be even better, Of course, this is not

to say that knowing the optimum design of a given type is useless,
for othervise how docs one know that the stiffened shell is better
than the truss unless one comparcs tie optirum of cach?

Practical optimization is then the sc}cétion of .thc best
of scveral types of design and can be considered complete only
when all reasonable design types have been compared on an optimum
basis. Thus a creative effort is nceded to devise the best types
of design for a given application and then the theorctical opera-
tion of ontimization is applicd to cach type. nfortunately,
the theoretical operation cannot usually be carried out corpletely,

Many optimization algorithms which are better than the
f'try them all" rethod have been developed and have produced use-

| ful results but as the design problems get wore corplex they are
all partially frustrated by a common encmy--the rclative minima
(or maxima), This diffiéLllt)' is characterized by the existence
of several designs of significantly dJifferent merit, cach of which
hns. no acceptable designs of better or cqual merit in some finite
ncighborhood of them. In other words the relative minima causes
one to conclude he has an optinum design because there appears

to he no redesign possible, when, in fact, a large and perhaps
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wexpected perturbation of the design variables would result in
an improvement, Almost without cxécption workers have concluded
that there is no real solution to this problem short of a rultiple
running of the particular algorithn from different starting points
which in the limit approaches the “try them all™ method,

Faced with what some (the author included) contend is the
inevitability of the relative minima problem, cven the automatic
algorithms lcave the problem of design still in the hands of the
hunan designer because he must not only choose good design types
but he must also help the algoritina find its way to the best of
the relative minima, It should be noted that rost automatic
n}gorithms need only to be put in the vicinity of a relative
ity Ik
ninima and they will then converge to that 'mearcst" one, This
in fact is really not too different fron asking the designer to
select the best design subtype,

Most occurcnces of relative ninima have been shown to be .
characterized by differences in design subtype within a design
typc; A notable example of this situation is féund in the work
of Schmit and Kicher(?) where the relative minima in the design
of a walfle plate were characterized hy the distinction between
thick (unstiffened) and thin (stiffened) sheet designs.

Thus if the designer starts off with a particular design
and from it the algorithm cvolves a sinilar design with a 20%

improvement in merit he can take comfort from the 20% saving but
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he must also take the responsibility as a creative enginecr if
it develop§ that a considerably different starting design leads
to a relative minima with a 75% improvement in merit over the
first design.

Therefore, getting back to the cquestion of how large a
subsystem should be optimized with an automatic algorithm, it
is the author's opinion that it should be the largest one for
which the designer has at least some qualitative insight, It
is likely that a large, corplex engincering systen will be a
better design if it is made up of truly optimum subsystens
linked together by carefully considered merit criterion than if
it is automatically designed as one system over which no one is
wise enough to he able to exert creative control, It should be
noted that there does not now exist a capability so comprechen-
sive as to be guilty of this error and the point is made oniy fo
establish that the development of cxtrcﬁnly large corprehensive
interdisciplinary synthesis capabilities can not currently be
viewed as cven the ultimate goal of synthesis research, Of
course, if the day arrives when computers arc made capable of
crcative thought this point may nced to be reconsidered {perhaps

by the computer itseclf).



Chapter 11
THE BASIC IDEAS OF THE INTEGRATED SYNTIESIS-ANALYSIS METHOD

The integrated method described in this chapter is applicable
to engincering problems for which the analysis is constituted as
a system of algebraic equations relating the bchnvior’variablcs.
This includes the large class of problems which are naturally in
this form as well as thosc'problcms which are ordinarily trans-
formed into such a system, The examples in this paper are
primarily of structural engincering problems but the ideas extend
to other types of problems with some reservations (sce section E),
The following developrent is a general one and does not refer to
any specific technological area,

Consider the system of cquations representing the ﬂhalysis

of some engincering »roblem

£(x,3) =0 i=1,2, ..., n (2.1)

> . . . . T

wvhere X is the vector of behavior variables such as stress, dis-
e, .
placenent, flow rate, or temperaturce and a is the vector of design
variables such as diamcter,inductance, spring stiffness, or any
other physical property or group of propertics for which an
independent choice may be made, For any well set problem, given
> . > a e . .

an 2 there corresponds a wnique X; e This is the analysis
problenm which must be solved repeatedly in the design-analysis
cycle nethods. Note that the system 2,1 nced not be linear; it

™y cven be transcedental in some problems,
-14-
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One of the many possible ways to solve such an analysis
probler is as follows, Assume A is a chosen vector (i.e, design),
> » .

a. efine the function
n :
. . 2
0®) = I [, 3] (2.2)
i=1 ‘
If there is a solution to the preblem it will occur where
0(X) » MIN = 0 (2.3)
and X - X,
J
Thus the analysis problen may be stated as

. > . .
Find x such that the nonnegative function

8(X) » MIN = 0,

There are many techniques for sblving this ﬁnconstraincd ninimniza-
tion problem and some of these are discussed in Chapter TII, Tor
specific systems 2.1 and a given minimizing technique it can
often be shown that this approach is equivalent to one of the
cormon iterative solution methods (it ray not, however, be as
efficient as sere of the rore refined rethods), )

. » . . e .
Consider now that the design variables a are permitted to

vary simultancously with x in the minimization problem above,

That is
>
8 = o(x, ) = 0(X)
where
<> .
X =’ ("ll;«'! g ﬂk, ’(l xz, 269y xn) (2'4)
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The problem does not now have a wnique solution because there
are a large number of a's for which an X may be found which in
turn makes 9(3;) + MIN = 0,

A design problem is one in which a desion (an 2) is
sought such that the behavior (an 32) and the design satisfy
some constraints

>
g,0 < 0 t=1,2, 0. T

To help solidify ideas the following sct of constraints from a

simple structures problem may be uscful

8 = 939 X 0 -t=,1’ 2, 4say N

g *© oy‘ci < 0 t =n+l, .,,, 2n '~ !«
g = dj - DU <0 t = 2n+l, ..., 20tk

& = DL - dj <0 t = Zn#k+1, .., 2n+2k

Hlere the o, are stresses and are the X3 of the problcm, o isl
the yield stress in both tension and compressions .the dj are
diamcters of members and are the a's of the problrcm; Ny and
DL arc the larsest and smallest permissible values of dj' In
R INEY t\m’)ilm-:, the comsirainins relaticas ave ruch more complex
and often all of the variables wwear in some of the e (?().
The constrained minimization problem .
Find ;( such that the nonnegative function

.
o(X) » MIN = 0
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and
) >
g,(x) < 0 t=1,2, as, T

generally has many solutions, llowever it may have none or it
may have only a "'small" region of solutions. If it has no
solution the design problem as originally stated has no solution;
if it has only a small region of solutions then the design problem
has essentially one solution and optimization is not feasible,
However, if many solutions exist and therc is dcfincd a rerit
function }.z&) which rcprcscnts the criterion by which one accept-
able desian may be ‘choscn over :movthcr* then synthesis may be
carried out,

This can be stated as the double minimization problen

Find ¥ such that the functions'

Y
o(X) » MIN = 0
R . .
WX o+ MIN
and ‘

EY

gt(X)'f_ 0 t=1,2, ..., T

but there are no cfficicent techniques which will solve this
double prohlen as a minimization nroblem, Sore reflection will

serve to convince the reader that the creation of a new function
>

-
0'(;() = o(X) + M{X) will not work,

* It is asswred here that decreasing values of M represent
imroving desisns, This can obviously always be arranged by
a sign caange,
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A way around this dilesma is to introduce another con-
straint
>
MX) - M < 0
Q —
where Mo is some presclected mrber representing a goal for the
merit,

Any solution to the problem

-
Find X such that

6(X) =+ MIN = 0
and

-

g, (0 < 0 t=1,2, ... T (2.5)
-

MX) - M <0

will be an accepthble design (given by 30) and its analysis
(given by SEO) which has a merit cqual to or better than Moo
To optimize, the M, may be replaced by .‘-11 = .'\1&0)(1 - &) and
the process repeated, This "draw-down' cycle may be executed
using M :

q
Eventually an M

" ?-i(Xq) (1 - a) where & is some preselected increment,
#1 will be selected for waich the problem has no
solution and the optimum will be known within a Hq as;q.
Stating the synthesis problen 1% the minimization prob-
lem 2.5 is of no advantage wless a method can be developed
which will efficiently solve it, Since the constraints are
expressed as explicit functions of the variables Xj' one of the

nethods of feasible directions could be used, However the genesis

of the problem and some of “its special properties point to a
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different approach. This involves converting problem 2.5 into
an unconstrained minimization prcblem,

Defining the bracket function notation as

A finction may be constructed

-»> »> * 2 T > 2
W) = e(X) + < M(X) =M >+ ] < g (N>, (2.6)
t=1

This- fuinction is nonnegative and has continuous first derivatives
if the gt(:\t) do, Tais latter fact will be of importance when
explicit minimization techniques arc discussed,

The wnconstrained minimization problen

Find ;( such that
-
o(X) -+ MIN=20 (2.7)

is cquivnlént to 2.5, DProblem .2.7 hwowever lends itself to rore
straightforward approaches than does 2,5 and these will be
discussed in Chapter III, 7 ‘

“ First, however, it should be noted that the choice of
an exponent of 2 in cquations 2.2 and 2.6 is not essential, The

following definition could have just as well been made
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T

n
> > op > 5 > op 1/p

0,0 = { L (6,017 + <00 >« [ <0 5™

i=1 _ Cot=l 2.9
and problem 2.7 remains wichanged for integer p > 1,
It can be seen with a little thought that as p grows

b8 MNP, <00, (07 (2.9)

R IC S S S A M A '

over all t'and i

The right hand expression in 2.9 can be called v . It is clear
that ~

R (2.10)

for any finite p and that y_ does not have continuous first
derivatives,
This property is illustrated by the following simple two

dimensional function

4 = [y ¢ (e ji/e

Typical level curves for this are shown for p = 1,2,» in Figure

1, It is clear that the level curves for v, do not have continu-
-ously tumning taﬁgcnts along the lines A-A and B-B and therefore
94 is not defined there. Since rost practical rethods of find-

)

ing the nminimun of ¢ require the gradient of ¢ a finite p must

fal

be used,
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The general pdlicy adopted for this paper is to apply the-
mininizer to ¥y (hercafter called simply ¢) but to terminate
the process when g < ¢, where ¢ is a small positive constant,
This qucétion is considercd in detail ncar the end of scction

A of Chapter 1II,



Chapter IIT
SPECIFIC EXAMPLES OF - FINCTIONS

In order to illustrate the technique described in Chapter II
a number of y-functions for various problems will be developed in
detail in this chapter., Most of these were successfully program-
med for usc on the digital computer and sample cases run with them
are given in Chapter V,

The system used for most of these developments is the pin-
cnded truss structure, The rcason for this choice is that the
truss is typical of rmany engincering structures in the following
ways

V 1.. The number of physical degrees of freedon can become
very large

2. The system may be analyzed with varying degrees of

sophistication

3, Therc arc a variety of‘ways of forrulating the

problen (displacerent, force, force-displacement)

4. There are a wide varicty of possible behavior require-

nents for the structure which range from simple

restrictions to ratier complex requirerents,

The truss considercd here is made up of straight pin-
connected tubular perbers, Loads are considered to be applied
only at the joints and some joints are considered fixed in space,

Thermal loads are also considercd in one development,

.22-
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The design restiictions dre assured to be pf the following
types:

1. 1limitations on the design variables directly such as
maxinum and mininum mermber size ete,

2, simple upper and lower limits on stress in the
individual members,

3. simple limits on displacements

4, limits on stress which may vary with the design, such

as member tuckling limits,

These do not exhaust the possibilities but are among tﬁc
cormon design restrictions used for this type of structure, There
arc weaknesses in the stress limit concept of stability control
implicd by 4 which will be commented upon in the numerical
examples chanter and in the conclusions.,

The analysis of the truss will first of all be based upon
linear statically indeterminate analysis, Beyond this, various
nonlincarities will be included in some of the developments,
These nonlinear aspects, which are important in certain light-
weight, high performance structures are:.

1. equilibrium cquations arc based upon deformed geometry,

2, displacerents and deformations arc considered to be

.large,
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3. force levels arc considered to be high cnoupgh that the
force-deformation law must be taken to be nonlinear,
Because of the severe Jdifficulties involved with nonconscrvative
behavior, both >from the analysis and failure criterion standpoints,
th’é"systcm will be considered elastic and the loads will maintain
their directions and magnitudes wnder deflection of the nodcs‘.

The next scection is a corplete dcvelé;mcnt of a y-function
for an m-bur, single node, planar truss including all nonlineari-
ties described above,

A, Consider the n bar-planar truss shown in Figure 2,

Bach load condition k, where k = 1,.00,L is specified by
giving the masnitude of the load Pk’ the angle Ay measured clock-
wise from the positive x axis to the load Pk, and the temperature
change in each rember ATik‘ for i =1,...,m. The cross sectional
areas Ki and the position of the attachment points Ei arc the
design variables, Note that the option to treat the :1.1 as pre-
assigned design parameters cxisfs.

The equilibrium equations representing the sum of the
forces in the x and y dircctions at the node p' respectively

are

m
ZKi a'ik cos By *Pocosa =0; k=12, ..,L (31
i=1
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3

Ai Tk sin Big - Pk sin @ = n; k=1,2, ..., L (3.2)

f e ]

i=1

t]

I . .th .
where Ai is the cross sectional arca of the i~ rmerber, 8 is

the angle between the ith member, in the deformed state for the

th

k™" load condition and the positive x axis, and g, is the

_th

stress in the ith rember due to the k load condition, From

the georetry of Fig. 2 it follows that:

;- w)
far - ‘\?k)Z * (31 - Uk)z’l'vz

cos 85y (3.3)

and

- )
Sin Bik = ., . - 1/2 (3'4)
(- v2% + ;- 57

H

vhere GL is the x corponent of the displacerent of node p, Vi is
the y corponent of the displacement of the node p, and il is a
preassigned parareter giving the normal distance fron node p to
the support surface r-r prior to deformation, The stresses ;;k
and the displacerents Uy, Vk arc the behavior variables, Using
the Ramberg-Osgood stress-strain relation the stress-displacenent

cquation for the ith member in the kth load condition is
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- -2 = -~ 21/
91 Tip D (a1 -v) + W -u)]
L A A A S -
Ei 1 Li 1 1 (“2 + di) /2
' (3.5)
i=1,2, ..o, n
k=1,2, ..., L
vhere . . p-i-l
.o 31
i 7Ty (3.6)
‘i

Yy is the yield stress and a; is the thermal expansion coeffi-

cient for the material of the ith

member.  The exponent p i
dcpénds on the material used for the ith renber and it is con-
venient to restrict n; to positive odd integer values for the
present purposcs.,

| The physical variables are Ki’ ;i'k" G‘,\_, .\:k’ and Zi' How-
ever the y-function may have better properties if the variables
on vhich it depends are scaled so as to be of the order *+ 1,

This is accorplished by intreducing dimensionless variables as

follows:
Ao KA X))
o = Koy (3.8)
u = K u (3.9)
v = Ky - (3.10)
g o= g (3.11)
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where the KA’

K, and K, are constants cqual to the expected

average order of magmitude of the arcas, stresses and displace-

ments respectively,

Let the following notation:

ka = + Pk cos oy
PYk = - Pk sin .
1.DX.
ik
cos 8., =
Jik T LDy
15
sin g, = ;gzﬂi
ik UM
K T.DX.

- u ik
LDX;y = di s s T

K
- . u =

‘ K 1
e = [ vt @ - qr ) 2

&=
J
[}
b=

ik = Ka Ky cos By

O
i

S, = KA ha sin Bik

(3.12)

(3.13)

(3.19)

(3.15)

(3.16)

(3.17)

(3.18)

(3.19)

(3.20)

be introduced, If both of the cquilibrium cquations (Eqs. 3.1

and 3.2) arc divided by P, the average magnitude of the nonzero

applied loads P, , then the functions EQXy and LY, may be defined

-as follows:



- -28-

m .
LA o G * MY

B Ay, 050 Wy vy, dy) = 22E = (3.21)

k=1,2, ..., L

m
A ogx S * MY

= _ (3.22)
P

i}

| EQYk(Ai, ik Y Vi di)

These two functioﬁs represent the fraction of the average applied
load’by which cach of the equilibrium cquations is unsatisfied in
the kth load condition. [If the dimensionless design variables As
di and the dinensionless behavior variables 9k uk; Vi satisfy

cquilibrium then
X, = LW, =0 %k =1,2, w.., L

The stress displacement ecquations may be treated in a

similar manner. Let the notation

3 %
R, = (3.23)
Ei o
g
a. E. AT,
ik
Tk L (3.25)
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1y, D,
~ 2 /2= i .
LOi = [1+ di ] T (3.26)
s P
S o (3.27)
Ao

be introduced. Now multiplying Eq. (3.5) by Hi‘ Aoi,whcre Aoi
is a constant of the order Ki' and -djviding by P lcads to the

following definition of the function S
Dy (Ags ops Uy iy 5) = (Agi/P) oy + Ry (o) + vy

LD;y
ey (3.28)
1

+
3
[
X 7~
b
[}

i=1,2, oo., m -

k=12, ..., L

This function represents the fraction of the average applied

load by which the two representations of the force in member i
for load condition k differ, Therefore sets of variabics (A.l,
95k Uk Vier di) that satisfy the analysis cquations have the

property that

BQY, = 0 k=12, .., L
EQY, = 0 k=1,2, vuu, L
D, = 0 i=1,2, vou, m

k=1,2, ..., L
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The weight of the m bar planar truss may be expressed as

follows:
m 1/
, 2 -2 /2 =
W P (L di ) o5 Ai - (3.29)
i=]

where p; is the weight density of the material for the jth member,

Let the notation

oy MK, :
o

=
"

draw-down weight

be introduced., Then a fuinction FH(Ai, di)’ which represents the
fraction of Ho by which the weisht W exceeds Wo, is defined as
follows
V- W n
WA, dp) = < -—W;Jz > =<] 8, LO; A - 1>
i=1

1 (3.31)

In general, there arc upper and lower hounds on all the
variables Ay, oy, u, v, di' Let the sct of variables be

represented by xj vhere

1,2, oo, m ©(3.32)

-e
8
#

xj=!\.1 j=1

i

X; = o, jerk+ti; i=1,2,..,n
j ik ’ ’» “ ’ (3.33)
k=1,2, ..., L
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xj = U j = m(1#L)+ 2k-1; k=1, 2, ,,., L (3.34)
xj =V j=m(I+L)+ 2k 3 K =1, 2, «o0, L (3.39)
xj = di joE (L) 2Lvi; i =1, 2, ..., m (3.36)

Note that for a complete sct of variables j =1, 2, .., 2 and
£ = 2m+ L)+ mlL (3.37)

h dion providing a penalty for violating an upper or a lowe
A function providing a penalty f lating pper or a lower

bound for each variable X; may now be defined as follows:

BND, = < 1B, - x. >' = <x. - UB, > (3.38)
j iTN 3T

i=1,2, ceey 2

where LBj and UBj are the lower and upper bounds on the variables
xj respectively,

In addition to simple bounds, provision is made for limiting
the stress in order to preclude buckling, -Thélﬁﬁlcr;ﬁﬁéesscr, or

tangent modulus, buckling stress constraint may be expressed as

fbllows:*
- (e) _ 1
By = <95k ik >
1 (3.39)
= <G Ay - >

D I T T R L T L L L L e

* An annular scction is assumed for cach member,
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vhere
nK n.
1 A 1 1
Giyp = = op— = . [(p/e), + }
T aifo)? v kG P D) i W7y
1 111

(3.40)
th

SFy a buckling stress safety factor for the i

th

member in the kK load condition

and ~(D/t)i the mean diamcter to thickness ratio for the

ith member

The minimum weight design of the m bar planar truss (Fig., 2)
subject to L distinct load conditions with stress, displaécmcnt
and buckling limitntions can be accorplished by solving the

following problem for a scquence of decreasing values of Nb:

Given:  the preassigned narameters

/1), SFy, M, Pyw Yy, By an, Py, o, ATy

- — —

initi r ! oy -: . |
a set of initial values Ay F5p0 s Vi d1’ “o'
and a set of bounds LBj, UBj;

- e — —

Find:. Ai’ Tikr Yoo Vi d.1 such that

] (Ai, 950 Yer Vio di) + MIN

where y is given by
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L m
2 2 iy 2 . 2
b= A (R + 1 QR E .{ (s0;,)°]
k:l i=1
2 L n :
o 2
o+ )) s B.\DJ. ) _Z xTB_k(TBik) (3.41)
j=1 k=1 i=1 1

and the A's are positive multipliers to be discussed subsequently,
It is appamnt‘thnt any set of values for the variables Ai’ 9k
W Vi, and di for which ¢ = 0 describes an acceptable design

‘Ai, di of weight hﬁ or less and behavior 9ikr Uks Vio It is
again remarked that ¢ and 7% are continuous,

The method used to seck ¢ + 0 will be nuvnrica} and there-
fore a criterion is needed to determine when ¢m* is near oﬁough
to zero to be considered converped. Trom the way that the
functions EQXk, EQYR, and Snik aré defined it is clear that an ¢

may be chosen such that the requirement
A 0 Eﬂ'z S 2
MAX [EQX, EQYy, SD;) < e

will be meaningful in temms of the physical problem, For example,
¢ = ,0001 insures that at worst an equilibrium or force-displace-
nmcnt equation will be wnsatisficd by 1% of the nﬁéragc force
level applied to the structure, It can of course be chesen

smaller but it should be noted that, even in a linear problem

T R e L L O N B ek L L R R R Y e -

T 2 noe? roy 2 2
v, E MAX [Ag RN, EOXE, EQY,S Ay B, Awik

sce the end of Chapter I,
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where the analysis solution is obtained by matrix inversion, the
residuals are scldom truly zero due to roundoff noise and other
factorsglo) It 1; suggested that the above method offers a
controlled and physically significant criterion for analysis
accuracy, |

The A's must now be chosen so that when y_ e the various
constituents of ¢ will be meaningfully satisfied. Consider

first the fractional weight function temm

A LU 3,42
w SEClr oz (3.42)

The », is to be sclected so that this criterion imposes what is
necessary while at the same time not being so stringent as to
unncccssarily delay Convorécncc, It is rcquiréd that the weight
W not exceed the draw-down weight hb by morc than a small frac-
tion of the incremental weight decrease AWD. In other words,

it is required that if W -W, >0, then

oo 4 4 .

W N, << AN (3.43)
Now if s is an assigned number, small compared with unity then
it follows from Lq, 43 that

P -1 < s (3.44)
(o]

and substituting into Lq, 3.42 and taking the cquality yields

€
A L ) (3.45)
W S2 A?
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Use of the value for A given by Liq. 3.45 insures that when

b <e
W 1 - ’
— - < s (3.46)
o .
since
Ay < }'\L - 157 e
. 0.
implies
€ ¥ 2
< - 1> < €
s? a? Wc-)- -

which reduces to Eq. 3.46 if W - Ny > 0,

The determination of the Aj's associated with the simple
bounds can be treated in a similar fashion. Let Qj be the
amount by which the dimensionless variables xj nay be permitted
to violate the bound LI:J. or UBj. Assure the upper bound UBJ.

happens to be the active bound, then it is required that

2
X, . - UB, 3.47
j (XJ J) < € ( ).
must insure that
x. - UB, Q. 3.48
j i 2y | ; (3.48)

Substituting Lq, 3.48 into Iq. 3.47 yiclds

‘xj (QJ.)2 > ¢ (3.49)

Taking the equality and solving for >‘j gives
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e : A
Ay = e 3.50
j . (3.50)
’)
It follows that when ¢ < ¢ the values of X; will never cxceed

UB. + 0, nor be less than LB, - Q..
it > it

The determination of the AR associated with the buckling
ik
stress limitations can also be treated in a similar manner, let

¢ be the fraction of the dirensionless allowable buckling stress
by which the dimensionless allowable stress Gik Ai and the

«dimensionless stress O MY differ, Then it is required that

) .
G Ay - o) = ¢ (3.51)

hope
IBik -
insure that
G Ay - 9 2 Gk Ay 8 (3.52)
Substituting Eq. 3.52 into Eq. 3.51 yields
2
XTBik Gy A 802 2 e | | (3.53)

Taking the equality and solving for Mp.. gives
_ ik

A £ (3.54)
T8, 2 *

ik (Gik A.1 g)
Thus the numbers s, 4, Qj' ¢ and ¢ must be selected in order to
construct the »-function, This is no particular burden as these

quantities all have a clear engineering significance in this

context,
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The y-function for the m bar planar truss with a lincarized
analysis can be obtained by specialization of the foregoing
formulation, The parts of the y-function cffected by lineariza-
tion are EQXk, EQYk, SD.lk and Tuik. The influence of lincarizing
the analysis of the functions [EQXk and EQYk leaves Eqs, 3,21
and 3.22 unchanged however Lqs. 3.19 and 3,20 arc modified to
reéd

C. = KA Ko cos B.

i (3.19")

and

Sy = Ky Ko sin g, (3.20%)
where 8, is.thc angle between the ith member and the positive
x axis in the wndefomed state. This‘simplification follows from
the assumption that the equilibrium equations can be based on
the wndeformed geometry of the structure, The influence of

- Yinearizing the analysis on the finctions SD; ) can be obtained

by sctting Ri to zero in [q. 3.28 and noting that

X R

; b IEY - o 2 2
O I o s S 1 5 S (3.55)
i Loy (LO; * LDyy)

For small displacements

Ku 2 2
T (vk‘ oy } << 2 (vk + diuk) (3.56)
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and for small deformations

- 2
10, (10; + ID,) = 2 (10) (3.57)
therefore
’ Lnik = Ku S
- 15;; ] = ﬂ“ﬁjz [vk sin 8; + u. cos 8i] (3.58)

Thus the resulting expression for SDik based on a Iincnr?zcd
analysis is
Ay ' K . _

R T A  Sae
(3.59)

The influence of linearizing the analysis of the function TBik

is obtained by sctfing R; to zero in ©q. 3.40, The buckling

stress limits are then based on the Euler buckling stress rather

~than on the tangent modulus buckling stress,

As mentioned carlier many of the algorithmé for solving
the unconstrained minimization problem require a knowledge of
the gradient of the fimction being minimized (sec Chapter V).
The partial derivatives of the m bar truss y-function are
given in appendix A.

The above development is somewhat cumbersome but it has a
structure tha} will be repeated in the rest of the y-function
developrents in this paper. This structure is roughly as

follows:
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1. Identification of the design variables

2. Statement of the analysis cquations and the generation
of the normalized residuals,

3, Identification of the design limitations and the
dcvolopmcntr of the penalty functioﬁs

4, A study of the accuracy requirements and the dcyélop-

ment of the A's

~ A final step which is usually necessaryy as mentioned above, is-
the taking of the gradient of ¢, This can be an onerous tasl.<
but it ié simly a scauence of algebraic operations,

In scction D of this chapter a method is aiven which
simplifies nuch of the work if an analysis capability is alrecady

in existence.

B. The General Space Truss, Force-Displacerent Method

In this section a ¢-function is developed for a general
space truss. The confipuration, in contrast with the m bar
truss, is considered fixed and geometric nonlinearities are
omitted. This latter is because of certain inconsistencies in
the handling of stability which are discussed at the end of
section A of Chapter V. The design variables are the mean
diamceter and wall thickness of the tubular members; this is a
significant addition in that it permits both Euler buckling and

local crippling to be considered as independent failure medes.
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The material nonlinearity is retained in the analysis but all
rmembers are assumed to be made of the same material,

Consider the merber shown in Fig, 3 as one of m members of
a space truss. The node i, locatcd in space at (zy, Zyi0 233)s
is displaced to position i' under the action of a loading system

psik' s=1,...dyi=1, ..., n; k=1, ... L, vhere there
are d dirensions, n nodes and L load conditions, Define twb
sets or tables of integers as follows
1, }ﬁ is the sect of integers denoting the members
joining node i
2, Nr is a pair of intcgers denoting the pair:of
nodes joined by rerber T

For exarple the tetrahedral truss shown in Fig, 4 would have

the following tables

Ml = (13 3; 4)
MZ = (2; 3; 6)
B% = (1; 25 5)

\ 5% = (4; 5; 6)

and
Nl = (1, 3) N4 = (1, 4)
NZ = (2,3 NS = (3, 4)
N3 = {1, 2) Né = (2, 4)
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It is clear that one table is redundant but having both simpli-
fies both notation and programming,
The length of the rth member is given by

d .
l
2 . .
e, = [ f (2 - z.)°] i,j =N

s=1

r = 1, eeey m

(3.60)

. . . I .
The direction cosine of the x‘tl member to the sth coordinate

axis from the ith node is given by

Ysri T IO T 7 Ysrj i,j =N, (3.61)

The members are tubular with the design variables taken as Dr

V b - . -
(mean diameter) and 'Ifr (wall thickness) and thus the equilibrium
equations are

rE\Z’ 9rk Dr Tx‘anri v oPsik T 0 . (3.62)
i

The engincering strain in the rth rember for the kth load

condition is
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d 1/2

SZl(zsj ¥ Ysik ~ Zsi T blk)

ek T T - (3.63)

- L(.'le

Neglecting products of the displacerents and assuming them small

compared to member length we have approximately

n e

Sgl(usjk T U e o
- T = N (3.60)

Taking the stress strain relation

a4 A
. rk 3 Y rk
kT OE T 7'-E'[;ﬁ;} , | (3.65)

the stress displacenent relations becore

-}k 30y [P - ~ )
T 7T E [;Y;] - zcny* Z (ugjy ~ Uggd Tepg =0 (3.66)

Defining kD’ 1, K and K, as the nondimensionalizing factors
and taking RD RT ko I as the normalizing factor, we have the
residuals
( ik 1 e
Z ok ﬂrTryqu T"K"il_“’ if the it1 node is free in
ret, ; DT Y the sth direction,
. , (3.67)
EQsik= <
0 , otherwise
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and

o~ G

Sp,. =0 T [ $ 3 X ol'kxi]p- b Ku (u .
Yrk ro 1o 9rk TK; Y TOTH TsritYsik lsik)]

s=1

(3.68)

These have similar meanings to the residunls for the m-bar truss
except that the normalizing force is taken to be Kl) Kx. Ko n,
the fictitious average force level in the structure,

The weight of the structure is given by

m
w o= ] oD T TK
r=1

. K.

o Kp LODL (3.69)

T

and thus the veight penalty can be defined as

n . -
p DT 1 K, K. LGI
i = < Z r r é)f T L.l (3.70)
r=1

A system or relations similar to cquations 3.32 - 3,37 can be

given .
x; = D, =1 3 r=1,2, ..y m -G
X; = T, J=mr; | r=1,2, ..., m (3.72)
xj =0y J o= 2ml(r-D+k: r=1,2, ..., m k=1,2,... L

(3.73)

xj = Uy j = 2mrme L (k-1) snod+ (1-1) ~d+s

i=1,2, ... n

s=1, ,,.,4d

k=1,2, oo L
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and the functions

BND, = < IB., -x, >} - <x, -UB, > .
5 < 3 *(J> <Xy 2 (3.74)

i=12, ... 2n+ el # Lened =2

“defined.

The Luler-Engesser penalty similar to the m bar truss is given as

Wy = <fy - 1o (3.75)

lere it was decided for convenience to divide through by o-r}EC)

thus making Apy @ constant, The definition of mrk is then -

. - g K I»-1
o K ssr®am 2+ 7 (rk, °) ]
™ _ IKo r R
rk 2
T

n
A

1
-1>Y (3.76)
2. 22 2 E
nE (Dr, }\D + ‘r

The local crippling stress linit of the thin wall tube

- is given as(n) 1
e 02T
Ky (6Bl Ty

= (0)

s (.97

) 3
SF* D,
Therefore the local crippling penalty is

: o K \p-1] V2 '
orkKoKDSF(C)I)r E + g-p (—x;i‘?—(]) :] .
1 \ v -1>Y (3.78)

KT kZ E Tr

Lcrk = < -

A further design restriction is necessary to prevent an absurd

design where :Er > Dr' This is a penalty



D
\! = - r - -
BNDRr < LBRr T: > < T;

(3.79)

is needed, Here LBRr > 1 and UBR is provided as a gencrality

in casec sorme upper restriction on n/'rr is desired,

The complete ¢-function may be given as

wvhere the a's, developed similarly to the m bar truss, are

n
2 . 2
R LR CR S PR F ol

n L )

2 .
vy (s DR ) Bk *
s=1 i=1 k=1

L

r=1 k=1

m .
2
L L sh,

m
2 2
b '
Dy # I Ay BNDRY

(3.80)

(3.81)
(3.82)
(3.83)
(3.84)

(3.85)
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In the operation of the computer program developed from
this p-function any b'f the Dr or Tr can be considered preassigned,
Also optionally the consideration of buckling may be suppressed.
and if desired the matcrial may be taken as linear clastic,

Again the components of grad ¢ are given in Appendix A,

Nurerical cases run with the program were for the rost
part satisfactory but two questions arose,

1. What, if any, cffect ';~:ould the pure displaccment

formulation have upon the operation of the method?

2, Would it be possible to link the diamcters and thick-

nesses of sonce members so that symretry and other
similar restrictions could be irf:oscd upon the
structure?

The answers to these Ql-ICStiOX\S were sought by the following ¢-

function development,

C. The General Space Truss, Displacement Method,

Consider the truss of scction B and define a collection
of scts of integer pairs MZi as the pair (r,j) vhere r is the
member number of a m&nbcr joining node i and j is the number of
the node to which it comects node i. Tor cxarple, the tetrahedral

truss of Fig. 4 will have {M2} as
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M2, (1,03 3,2;4,4)
MZ2 = {2, 3;3,1;6, 8
Moo= (1,152,255, 4)
M, = (4,155,356, 2

N, is defined as before,
Taking the lincarized strain and assuming a linear stress-
strain law. the equilibrium cquations take the form

d

5 sgl Yéri“‘sjk "

T w oty
re!\TZi T

where j corresponds to the r of the sct MZ.I.
Unfortunately this indexing notation, as the rcader has no
doubt decided, is rather clumsy but it nronrams for the computer

quite handily, For this encroachment of the machine the writer

apologizes, The equation reads better if the definition

d — —
... (u .y = U _..)
- sri ‘Tsik sik s s o .
ek = 1 Lo 2 Np o (3.69)
s=1 T '

is substituted into 3.86; which results in

3

): {Erk E Dr Tr“Ysri] * Psik =0
reMZi

(3.86')
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1t should be emphasized that €k is not a variable in this y-
function but mercly an intermediate result introduced for
convenience.,

In order to provide for linking of the actual design
quantities Sr and -'ITr two gencralized design variable sets are
introduced, a, and By Thus if 51' -ﬁs and 56 for cxample are

to be linked together and 52, D, and —5“ arc linked we calculate

3
D, = KD q D, = KD, a
55 = KD, a '53 = KD, a,
?)'6 = K a T)h = knu 5ol

where KDr are preassigned constants, Supmose it was desired

e D = D = D 2 < s D = i = H Y
that I)l Ds D6/ and that Dz ’)3 A then there would

be two Jdesign variables a, and «, and the Knr might be taken

1
arbitrarily as

KD, =1, Kn, =2, KD, =2, KD = 2

KDy =1, KD =0.5

. The same sort of developrent holds for the }-r' To
formalize this, define two groups of integer sets €& and ¢
where CVcjl contains the rember nurbers of all members whose
diareters are controlled by a, md Cf contains the member
numbers of all sembers whose thicknesses are controlled by  #.

Thus
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- . “ . -

Dr }\ﬂr (’lv Tre CV V l, ees A (3'87)
— - - 8 - ’
T, = k.8, rec w=1, .., B (3.83)

where A is the mumber of «'s and B is the number of 8's. The
total number of design variables is A+B, The program that was
developed has the option to fix any o« or & thus preassigning
. a group of D's or T's.

The variables of ¢ will now be represcnted by their xj

comterparts as in relations 3,32-3,36,

xj =, jev vo= 1,2, ... A (3.89)

x; = By jeAw W= 1,2, .08 | (3,90)

Xj = gy § = MBe(k-D)ened + (i-1)d + s (3.91)
§=1,,,.d

i.= l, cr e n

-k

1' s L

Where Usik is the nondimensionalized displaccment

u usik/Ku | {3.92)

sik

The rangeon j is j = 1,2, ..., A+B+Lened = 2

The cquilibrium residuals can be expressed as
) lepg ED, T Myg gl + psik

EQ .. =

“sik (3.93)

M2,
Te !21
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where as before PP is the averape of the nonzero applied loads,
The penalties will now be developed, There are no direct
restrictions on the «'s or 8's, (although there could be in some

problems) but there arc on the D's and T's. Set

= - 1 - - !
BNDD = < LBD D > < Dl‘ uBD_, > (3.94)
N = - T 1 - T =~ T T
Bt\UI’r < LBT > < r UB > (3.95) .
= - l- N ' - ‘ N
BNDR = < LBR ) /Ir > < I,’r/f UBR_ > (3.96)

The ordinary direct displacement limits, written in terms of
their x). counterparts, are

1 1
BNDU, = < LBU. - x. >}~ < x. - UBU, » 3,97
j Mt TS TR j (3.97)

j o= A+B+l, AsBs2, ., A+B+Lened

The dircct simple stress limits are of a morc complicated nature

than before because they involve a number of displacements

. IR - 1
ll.‘\ll’ﬁrk = < LBS rk C'l‘kE > < e E UBSrk >
d
vo... (.. -u.)K
i . sri_“sjk sik’ w1
< LBS, -~ ] “TETT E >
s=1 .
d Ysri (us‘ik j u‘;ik) Ku 1
< ): lfGiUr E - UBSrk > (3.98)
s=1

i,jeN,
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The buckling stress limits are also quite complicated, a possi-
bility alluded to in Chapter II when the gencral form of the

g(x) was discussed. These penalties are

2
€ 3 se®@ e

EB, = <- Ly -1t (3.99)
rk 2,2 =2 *
n (Dr + 'I'r )
si(€) 1
Ic, = <- <. Sl S B (3.100)
rk kZ Tr

To bring into focus the fact that cach constitucent of the
finction is a function of the xj cenly, this latter temm

will be rewritten in terms of xj and known constants

d
Ly = < = [ 1 vgpi Kaapa (5-1)ds (k-1)ne ds S Be (i-1)d* (k-1)nedss)
s=1 .
-=(c) . . 1
SF KD, xv/L(.’mr kz }\"I‘r xw] 1> (3.101)
T a 8
vhere i,j = .\Ir, Te Cv N re Cw
~The weight penalty can be written as '
m
I o T meLcm
. =1 ¥ T r 1
v = ¢ - » -1> (3.102)
o

and thus the complete ¢-function is



52~

, d n L
v . 2
Y o= XW(F\X) + z z z LQSik
© s=l i=1 k=1
m .
¢ 3 [ BNDDS + A, BNDTZ + . BNDRZ |
,Dr‘ r Tr' r R ™ r
r=1
m .L
e 2 w2 2
+ 11 [xsrk BNDS o+ app BB+ A LC ]
r:1 k=1
2
. ] A\ anujz (3.103)
jEAsBel I

Corparing the form of 3,80 with this it is noted that the
climination of the stress variables has reduced the overall
number of variables and nwmber of analysis cquations with an

accompanying increment in complexity of the constraint penalties,

D. A Simplified *ethod for Linecar Technologies

The preceeding direct dcvclopmcnfs of w-functions can
become tedious and when one examines the partial derivative of
these in Appendix A they are cven more so. Much of this hand
work can be climinated in the event that a matrix formulation for
the problem exists and is pre-programmed, Because many organiza-
tions have highly developed matrix generation and inversion
programs for problems which they deal with frequently, it is of

sorie intcrest to determine how these resources can be employed
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in conjuction with the integrated analysis-synthesis concept,
Assuming the analysis of the prchlem being dealt with
can be formulated as the sclution to
*> -»
A.Yk = By k=1,2, ... L (3.10%)

EY : -+
where the Bk are L distinct load conditions and the Yk arec L

vectors of behavior variables, and that an automated capability
exists to generate the matrix A given the design variables, it

is clear that the residuals can be calculated as

L L
> > > > N .
6 = kzl(:\ Yk - Bk} . {,\ \’k_ Bk } = Z Rk « Rk (3.105)
h k=1
.th > _ |
where the i™ comonent of R is
) n . ;
Tk < L () - by (3.106)
=1

This calculation is casily prograrmed; however since A may be
sparse more computation may be involved than in the direct -
fimction formulation,

The laborious work of deriving the formulas for vo is

somewhat relicved by use of the following identity

n
30
57 ) Ui Tk (3.107)
. j=1

\
Since the asscmbly of the matrix A is being considered a 'black
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box", the specific dependence of the aij upoir the design

variables, ds’ is not known and the partial derivatives

L n n
X = 2 2o 3,108
33; = DD ) {3;_ Yik rjk (3.108)
k=1 j=1 i=1
camot be calculated directly,
aa, .
One possibility is to calculate EUll'hy finite difference
s
as
aa, . A, v oa.,
ij - ijs ij ,
3 = 3 d - (3.109)
] s .
vhere

ﬁljs = nij (dx’ dz‘ vas ds + Ads, esey ds ) (3.110)

This rather crude finite difference forrula may actually work
quite well because in many problems the aij are linear (although
unknown from the "black box™ stand point) functions of the design

variables. Thus if

ﬂij = “ij‘ dl + ﬂijz dz + e uijs ds (30111)
then '
3a. . Ao - Q.. '
.TL = & = S 1) (3.112)
p) ijs .
S o A ds

and the aaij/ads needs to be evaluated only once and does not

. depend tpon the value of the design variables,



If the function is nonlinecar some care will have to be
excrcised in the choice of Ads and a new aijs will have toc be
-
assembled for cach new design point D = {ds} .

Using this representation of the derivative

L n n
30 2 - .
T I I I 1 (ajis - aji)’ Yik ik (3.113)
s - S . a
k=1 j=1 i=1
of if the aij arc knovn to be lincar in ds the %js can be
calculated and stored once and for all giving
L n n i
30 : : <
s < 2 1l L %is Yik Fik , (3.114)
s k=1 j=1 i=1 - '

In many cases the penalty functions can be generalized in
a similar muwner but the diversity of types makes it unrewarding
to attempt to outline any here.

Making the conversion to the general variables xj as was

done in the other ¢-function developments we .may sct

x; = d j=s s=1,2, ... S (3.115)

1]
0

Xi = Vi j = S+(k-Dn+1 1

5 1,2, ..., n (3,116)

k=1,2' III'L

and define

v = 0 + DPENALTIES (117)
Thus the commonents of vy = {%—‘i—'-—} are

J
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L n n
P 3 NALTIES
x; 2y I 1 %is Yik Tik * X (PENALTIES)  (3.118)
k=1 j=1 i=L
s = 1’ LB N ] S
n
) 3 s es
. = 2 ] a,, r., *o— (PENALTIES)
Xy (k-1)n+i g1 O IR, ke ned )
(3.119
i=1,2,...n

k=1,2, ... L

It should be emphasized that this form of computation may
be inefficient, however it may save rmuch hurman labor in the
development of ¢-functions and provides a mcihod of utilizing
the highly efficient existing matrix assemblers, It is
incidentially noted that if the a; ; are lincar in the ds and
the a.

ijs arc calculated it is possible to dispensc with the

matrix assembler because A may be constructed as

S .
A= ] Q]S dg (3.120)
s=] ’

th "sheet" of the three dimensional

where [ a]s is simply the s
array [aijs]' Furthermore many of the matrix products may be
performed in advance and need not be repeated, A drawback is

that computer storage requircments niy get cxcessive,

¥ .
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The ideas presented above are summarized in Figs. 5 and 6
which are rough block diagrams assuming the existence of a

matrix asscmbler,

E.  An Unsuccessful g-function for a Dynamics Problem

An attempt to develop a y-function for a class of dynamics
problems was unsuccessful and its presentation here is for the
sake of completeness, At the outset it should be noted that this
fuilurc docs not irly that dynamics problems arc not anenable
to synthesis or cven that the integrated rethod is totally
.innpplicnble but only that the rnthér brute force approach
attempted is intractable.

Vhat is meant here by a dymamics problem is one in which
the behavior which is to be restricted and/or the behavior to be
optimized is a function of time. Note that a problem where the
natural frequencies are to be restricted and sdy the weight is .
to be minimized is not a dynamics problem. in the sense intended
here, Furthermore the work was directed toward lunmcd_dynamic
systems,

The problems considercd were of the class whose system of

goverming differential cquations is of the form

.o Y
Xik = B3 (e A X X, 0+ 1y (©) (3.121)
where R B the.design variables and QL is the vector

of displacements corresponding to the kth driving function
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>

-3 .
rk(t), f.eo X = (xlk, Xops vee xnk)' The constraints or design

linitations arc of the fom

gjk (ﬂlo see 3oy Xy ) <0 (3"12‘2)

1

i=1,2,...T 0<t
k=1,2, ... L

and the merit criterion is of the.form

o= max (A, .. a, %) © o (3.123)
0 <t
k = 1. s a8 T

The problem for vhich the integrated approach was attempted is
given in ref, 5, Consider the spring-nass-darper system shown
in Fig, 7 where { yk(t) } is a set of known, finite duration

inputs (i.ce. shock pulses). The governing differential cquation

is

mx b e (X - IR (g -y =0 (3.124)
or defining ’

2y = O - x) _ (3.125)

;k(t) = 1 (9 (3.126)
then

. R K : .

2 TCRZ T Tm A& RO [ (3.121)

The design restrictions are taken as

»
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IC < ¢ < UC (3.128)
K < K < LK (3.129)
max [max -( fzk{ ) < 4, (3.130)
k=1, ., L,0 <t
with both ¢ and K as design variables,
The rerit criterion is
M = max [rax ( ]‘(k' ) o (3.13D)
k=1, ..L 0<t
or in terms of 2y
M= max [max ({% ik + % ZI'D 1 (3.132)

k=1, ..L 0<t

In order to cast this nroblem in the integrated synthesis-
- analysis form, numerical integration of 3.12:I was used to obtain
a system of algebraic equations, TFor so simple a dynamics
problem this may be somewhat extreme but it‘ was intended that
. this problem serve as a model for rore difficult differential
cquations,
Writing (3.127) as a system of first order cquations

zlk = Ly (3.133)

C K o
sz === sz - = Zlk + rk(t) (3.1_34)
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or in vector form

> > > :
Zk a F (Zk, t) (3.135)
where
sz.
> ‘ (3.136)
F (Zk’ t) = ’

c K | :
- a‘z?k - ﬁ z‘k + Ik(t)

the modificd Euler wethod may be applied as

> >, + > +> >
e PR, g F AT, 1 G

wvhere h is a small increrment in time and tq+1= tq + h, t, = g,

Taking the initial conditions to be zero

>
Zk = 0

or -

']
o3
¥
=

o}
Zxk

The analysis residuals were defined as

+0 "1 h >0 + 1 . "

Rk =2y -3 {Fk + Fy ] A (3.138)
> +1 ) -» »> +1 . B

Bo= gl - R e BT (3.139)

q=1, 2, ...
k=1,2, .o, L

The penalty functions
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PC =-<C-1C>" pelC-C> (3.140)
PK = -<K-1K>'+<Uk- K> (3.141)
4. .. . 1 .21 1
sz < Zlk UZ >' 4 < UZ Zlk > (3,142)
and rerit drawdown penalty
’ (l
N I | K o 1
TS W sz Y e Zlk Ho >
; (3.143)
LS g0 LK
*os &B n .sz m Zxk >
were defined.
The ¢-fuwction was then
L p ﬂ .
>q.2 P .2 2 2
D R (G NN S RN O IR N S G ED)
k=1 q:O - .

wherein all Z?k e§c0pt where q = 0 and ¢ and Kare taken as
variables and p is chosen to be large enough so that all signifi-
cant maxima wiilAhave occurcd at t < tp'

It is true ¢ = 0 only when a choicc‘of ¢, X and ZE is
such that the approximate analysis cquations and all pcnalticé\
are sntisficd, however it tums out that ¢ always has other
minima than ¢ = 0, This fact was discovered when a computer
nrogram embodying this formulation was run, The extra minima
occurs as follows: asswwe that there is only onc driving
, . , . . *q v
function for simplicity and that all R* = 0 except R™ and that

MY # 0; there is then a choice of c, K, ZY, and ZZ such that



A
q

BZi
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3

3K 0
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i=1, 2, (2.145)

q = l! see P
(3.146)

(3.147)

LEven if this diffitulty could be avoided by handling the

behavior and draw down constraints dircctly and solving the

constriained minimization problem, the method is impractical,

Lven though it is possible to consider (3.137) as a system of

simultancous cquations, the residual minimization process is a

poor attack because the problem is an initial value problen

->

and not a howndary value problem, In other words since Zg

)
depends upon ZE

-»> -G > >
, ZQ'Z, +sey 2 but not upon Z§+1, Z§+2 cee

it is difficult to reflect design and analysis changes which are

induced by situations occuring at one time back through carlier

times,



Chapter 1V

MINIMIZATION TEQINTQUES

Central to the development of operational capabilities
using the integrated rethod are algorithms for finding the uncon-
strained minimum of a function of many variables, It is clear
that the overall efficiency of the rmethod depends strongly upon
the efficicncy of the chosen algorithm, There is a large litera-
turc on the subject and a selected bibliography is given in
Appendix B,

This chapter contains a brief discussion of some of the
comwon methods and in particular of the one used in the develop-
rment of the nurerical results for this paper and a recormendation

for evaluation of one which promises to be superior,

As Algérithms for Minimization.

Aside from random scarch and certain organized probe
techniques such as relaxation, the bulk of the methods arc of
the steepest descent type.  These $re’ﬁn$cd upoﬁbthc idea,
apparently first put forward by Cauchy that if a sequence of

-
points { x1} is generated so that
: ) . R .
x(l+1 = $3 . hq w,(XQ) (4.1)
and each hq is a positive scalar constint choscen so that

v 6Oy Y (4,2)

-63-
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the sequence { a,’;(;q)} will tend to a minirum, Of course x:'(;)
must have at least one minimum if the rethod is to work; if it
has more than one, there is in general no way to know which of
these relative minima the process will tend to,

The method can be extremely stlow depending upon the func-
tion ¢ (;) and the rationale uscd to aencrate the sequence {hq}.

Perhaps the simplest way to determine acceptahle values for hq

-»,
is to guess at a valuc and try the x“-+1 it yields, If
> >,
w(xq'A) 2 s(x h’-l may be reduced repeatedly until a suitable

value is found. This techirique is usua}ly quite inefficient
both because of the large nurber of trials which may be nccessary
to determine the hq's and because the sequence { X} itsclf

may converge slowly.

Most of the other techniques based upon the idea erbody
different, more or less logical, rethods to cbtain the hq' The
onc erployed in this paper to obtain the numerical results is -
essentially the same as that given in ref, 12 and is also -
described in detail in Appendix ¢*. The rationale used in this
method for arriving at the values of hq is to pick them such that
v (;qd) takes on the smallest value it can for that particular

N
. . qQq+ . . .
move.  That is, if x4 1 is generated as in equation 4,1 then

D R kT R e e e PR R R g

* The computer program which embodies this technique is called
QUADOPT in this paper and is listed in Appendix D,
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¥ (;qﬂ) may be thought of as a function of the single scalar hq
~and a value of hq is sought such that ¢(hq) +» MIN, The logic
behind this is that each step should yicld the greatest possible
reduction in ¢, .

The drawback in this is that
w0 (4.3)

in other words cach move is orthogonal.to the previocus one, This
causes the moves to zig-zag and progress can -be very slow, The
technique used to "break-up' this pattern is to occasionally

-+ +q —»q_z ~)q
take a move in the direction R = x' - x instead of 7u(x").
Thus

> -+
AR I hy 8 - x13 ¢4

and again h;l is chosen for a nin.imum of w(;q*l)

This two stage algorithm was used to obtain the results for this
paper. It generally works well but in sore cases it is ineffi-
cient. The difficulty scems to be due to the cccentricity of

the function y. If locally ¢ is imagined to be approximated by a
positive quadratic function the hyperellipsoids which are its

level surfaces may be very clongntc;l and narrow, Indeed if

these hypersurfaces Were spheres the method would obtain the
solution in one step, This idea can be mathematically justified
and has led to the development of a generalization.of the steepest

v

descent method as follows
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- -»> - )
AT X e G (1.1)

vhere M is a matrix, If !f is such that
ay T M. g
M orGhHE {wxhH )} >0 (4.5)
" . . ) a4+l 21 .
Then the move will still cause w(x* ") < w(x') for sone choice
of hq. The ideal ‘twould be one uhich yvielded the solution in

one move or, viewing this another way, transfonred the cllipsoids

into spheres,  If p is actually quadratic then the choice

o '§2v'1 -1 '
Mo [._.‘_......._..] , hq = ] : (4,())_
is perfect because if
> 2 :
v = (AX - B) h 4.7 .
where A is a matrix, then
> .
ve = 24T (A X - D) , S (4.8)
~and k
wo= 2 AT gyt (4.9)
and then '
A » T . ' 2
oY = At - Tyt AT X -y - )

> > -
(AX - xTeaty - P =0 (4.10)

v
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Of course this choice of M is not casy to compute and in fact no
-+ >
effort has been saved over finding the solution of A X = 8
directly in the casc where 01 is quadratic,

A method called the variable retric method which successively .
develops an approximation to M as the scquchcc { ;q} is generated
is given in references (13) and (14). This method has been

found to he quite efficient and its only drawback scems to be
the computer storage rejuirements for M which gets large when many
variables are involved,

vhen the work reported on in this paper was undertaken,
the efficiency of the newly developed variable matrix method was
felt to be offset by the necessity for large amounts of computer

_storage capacity and by the possible nced to use auxiliary stor-
age for large problems.

It was therefore decided to'use the rethod previously
described with the attitude that the integrated method of
synthesis and analysis could be develoned and tested independently
of the minimizing algorithm,

It has developed however that the efficiency of the
variable retric method was wderestimated -and nerhaps an order
of magnitude improvement in speed can be exnected, Therefore it

" is recommended that in further work with the integrated approach,
the variable metric method be evaluated by direct comparison

with the method used in this paper,
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B, A Scheme for Extrapolation Between Draw-downs

A devige which has been used to speed up the draw-down
scquence considerably is an extrapolation from the solution of
one draw-down to the next, The idea involved is simple; if il
is the design-analysis point corresponding to the minimum of y

-»
with M;  the merit goal and X; corresponds to the minimum of §

-»> »> ->
for the goal M, then X, = 2X, - X, is likely to be near a
ninirum of ¢ corresponding to a merit of A N

This hynothesis can be justificd as follows:
Suppose the malysis is Haear and can be expressed as the
matrix problem

Ay = & (4.11)

>
and suppose Y, is the solution to this problem for A = Ax

-
and y, corresponds to A = A, then if

5 = Al - Az ) (4.12)
and '
Ed -+ > : .
by, = Yy, = %, (4.13)
then ,
> o1 -1 '
y, = (I -A 6) Y, (4.14)

For "smull" §

a ! .1 12 13
(1 - Al §) =1+ Al 5§ + (Al §) + (A‘ §}*+. ., (4.15)
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and
Y, =1+ I ot ey, -y, Loty ¢ae
=1 r=1
and thus
+> It -1 -+ ] )
sy, =~ 1 0 9y S @an
r=1

-
RS - oA . - L . . .
Now if A3_ 2A2 Al Al 25 then the solution to A3y3 = B3 is

v 2V sy 4,18
y, = (-2 97y (4.18)
If 26 is "small" then '
> -1 ~1 2 >
y o= {Te 2 8] e 2407 8] ¢ vl by
3 i (4.19)
> -+ ' ° . - s
= vt 28 Y, * {1 (Zr-Z)(AIl 8T } Y,
=2
or approximately
-+ -+ > > > :
Y; = ¥y *2 y, = 2y, - Yy (4.20)

If the matrix A is nearly a linear function of the design

dy*a sij dg

i ! = ays . -
variables dx’ ore ds so that aij a4 2ij d, vss a

and if the di are changed to di - then the aij arc changed to

v_) and the change

e = 8. = A, o (Aias Y. F Cois Yo see *Qss
a 8= a (“113 Yy T %45 Y2 %ij ¥s

1) 1) 1)
>
di+° 2 ' changes aij to a.lj -2 Gij' Thus if w(xl) = 0 and
w(Xz) = 0 then, unless a new constraint is cncountered,
> & -
w(zxz - Xl) = 0, If the merit criterion is a nearly linear fumc-

-+ >
tion of X and Mx is associated with 3(x and Mz is associated
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B . . >
with X2 then M3 = 2?2 - Ml will be associated with X3 .

In the cvent that the extrapolation causes a new con-
straint to be violated the minimizer algorithnm will scek a new
-»> -»> ->
X; # X, for which ¢ (X,') = 0. Generally the next extrapola-

. > -»> > . ’
tion X = 2X§ - X,, will not cause the same constraint
penalty to becore active because the restrictions encountered

> . »> -
by X; arc reflected into Xu' In other words the extrapolation

suides the process along or away from the constraints,



Chapter V
NUMERICAL RESULTS

In this chapter nurerical results are presented for several
example problems for cach of the y-functions developed in Ciapter
II1.- These results have been obtained using digital computer
programs based upon these ;-finctions and the minimizer algorithm
discussed in Chapter IV and in Appendix €. The co;nplcte final
out.put sheets are included in Appendix E,

Table 12 contains a surmary of the cormuter running tines
for the results presented below, The tirmes presented are the
actual 1107 running tines for the Algol programs and estimated
Fortran ﬁuming times. Thcsc- latter arc rerely the Algol times
divided by 5. This factor wa‘s obtained by comparing the execu-
tion tines of a simple program coded in both Algol m-xd Fortran,

The extreme gencrality of the Algol compiler is ideal for
the experimental type of work involved in this project but this
same generality also causes it to produce less efficient operats
ing programs., All of the results in this paper were obtained
with Algol 60 ‘progmm with the exception of those for the m-bar
truss which were done with Alcol 58 a faster but less general
compiler which has been phased out of the present operating
system at Case Institute of Technology.

These ruming tires are presented for completeness and
care rmst be exercised in drrm;ng any conclusions from them,
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The only difference between Case 1 and Case 2 is that
Case 1 is based on a linear analysis and Case 2 erploys the non-

linear analysis. For Case 1 then, the only additional data are

the values of the ¢-function control parameters and they are

0.0001 s 0.1

i

L]
H

A = 0,05 g = 0.01

The results for Case 1 arce shown in Table 2 and they compare well

(2)

with previous results obtained using a design space based

rethod,  The previously reported result is

A, = 1,124 in,

1
AZ = 0,523 in,
A = 1.()10 ill.
3
¥ = 8,809 1lbs

For Case 2 the y-function control paramcters are the
same as those used for Case 1, however the nonlinear analysis

is retained and this requires the following additional data

o= 11
i

Y = 71,5 ksi )
The yesults for Casc Z are also shown in Table 2, and they may
be corpared with those obtained in Case 1 using a lincarized
aalysis. It is interesting to note that in Case 2 the displace-

ments are generally larger, which is not surprising, In parti-

cular it is scen that the stresses 94 and 032 are clese to
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their limiting values in Case 1, while fs'nn:zd H3 are nearly
bound in Case 2, Nole that the nininun weight design achieved
based on the nonlincar analysis is slightly heavier than that
obtained when the analysis is lincarized, This is reasonable
since the linearized analysis was based on the initial tangent
nodulus, which implics a stiffness that is not actually present
at higher stress levels,

Next consider a three bar aliminun truss subject to four
diSt‘inct load conditions for vhich Il = 20 in, and the :]-i and
Xi are design vuri:lbl.cs. The four load conditions arc given in
Table 3. Note that load conditions 2 and 4 are ohtained from
load conditions 1 and 3 respect ively by multiplying the mg;xitude
of the leads by the not unfamiliar factor 1.5. The material

properties used in Case .3 are

E, = 10 x 107 ksi

p. = 0.1 Ibs/in’

1 -
Yi' = 45 ksi
o= 11

The ratio (1V/t) _ 1s assigmed a value of 20, The buckling stress
i .
safety facters for load couditions 1 and 3 are set to 1,5 and

those for load conditions 2 and 1 arc set to unity,
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The stress limits for load conditions 1 and 3 arce taken to be

+ 45 ksi, and for load conditions 2 and 4 they are taken to he

+ 65 ksi (sce Table 1), The displacement limits, fbr toad
conditions 1 and 3 are set to £ 0.2 in, and for load conditions

2 and 4 they are taken to be + 2,0 in (sce Table 4). The results
for Case 3 are shown in Table 4 and were obtained using the same
y-finiction control paramcters as in Cases 1 and 2, Note that

the displacements are all small and that the stress -;12 is

- critical in buckling,

At this point it is noted thnt the stress 1linit concept
of dealing with local buckling causes sore inconsistencies when
used with synthesis rethods, Simply stated the problen is that
the synthesis method camnot reduce a menber to zero if in any
load condition it is subject to negative strain., Onc would
have hoped that if a rerber were unnecessary a synthesis algorithn
would automatically climinate it, Using the stress limit
concept for buckling this will generally not happen, Considér
for exarple, Case 1 and assume that the three bar design
‘givcn in Table 2 is the optimum m-bar truss for the loads. Now
if a fourth very small pember were added with say X; = 0,02 in,
and 5; = 25.0 in, then the negative strain produced by loads 1

and 3 would cause the merber to buckle and hence the synthesis Would

be obliged to "beef it up' when in fact it should climinate it,
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One rclmcdy for this problem is the use of a method
“currently under dcvclopr\.cnt* wherein the Buler buckling of
merbers is permitted and their post buckling behavior taken
'mt‘o account, This analysis is nonlinear but would lend itself
to the integrated fomwulation, 7The incorporation of this method
could be used as follows; if no external reasons required tl{e
cxistence of a particular rerber then the synthesis could
reduce its size, Ultimately it might buckle but if there were
1\6 restriction against bucking and this action did not cause an’
adverse redistribution of forces in the structure it. could be
successfully eliminated,

The pr’climinary results from this analysis method are
very promising and when it is complete it is recomnmended that
it be incorporated in a 5)'nthcsiisﬁCapubilit)’. The imminence
of this development is what prompted the elimination of the

georetric nonlinearities from the sccond two ¢-function develop-

ments, [t was felt that true, consistent stability control, of
both a local and general nature would have to await this develop-
ment and that, having shown that such nonlincarities could be
handled in the case of the n-bar truss, further work with

Mr, Robert Mallett is developing this analysis technique at

Casc Institute of Technology under Air Force Contract
AF 33(615)-1022,
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georetric nonlinearitics would be unrewarding,

B, General Space Truss Examples
1. Planar Cascs
Consider the plamar truss shown in Fis, 8§ which is sub-
ject to the 3 load condi<ions shown, The structure is to he made of

steel and thus L = 3 x 1517

psi. and o = 0,28 1b/in°, This
problen was solved for a variety of design limitations in order
to investigate the influunce of these lirvit-ations upon the
character of the optirus design. This scquence of problems was
done with only the tube diareters as design variables; the tube
wall thicknesses were all set arbitrarily at 90,0318 in,

While the loadin: oattern is syuretric the suwort copdi-
tion arc not, therefore the desian nay be uasyimetric, - In the
casc of the force-displacenent program the design-variable
linking feature is not prosent and the chips mnsi be let fall
where thcy’ will; however in the disnlacerent program symmetry -
may be irposed upon the Josien if desired,

The first set of drsign liritations for which the problem
was solved were; stress brands + 50,000 psi, Euler buckling and
local crippling, and maxirun displacemnent of any node in any
direction for any load coniition = * 0,15 in, (Case 4./\)..

Starting with the u:s'u:;n given in Table 5 weighing 106.0

1bs. the force-displaccmeis program evolved the final design

listed in Table 5 which woeched 79,6 1bs, This design has the
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Iuler buckling stress limit critical for merber 11 in load condi-
tion 1 and the dovmward displacerent of node 2 in load condition
1 equal to its limit. The other two load conditions arc non-
critical at the solution; a clever cagineer may or may not have
been able to predict this,

Starting again with the same design and using the displace-
rent program a final design .was produced as given in Table 5
which weighed 82.6 1bs, ThisAdcsign was only critical in the
downward displacement of node 2 in load condi;ion 1.

The differciuces in these two desimns core from two
sources, First the difference in final weight is Jue to the fact
that the weight is reduced in increrents--in this case 5% at a
time, Thus the weight of 79.6 is probably close to the optirum
and 82.6 is probably slightly less than 5% higher than optimum,
If it had been considered important the answer could have been
ground dowvn in 1%, 1/2% ectc, increments,

The difference in final dcsigné is striking even allowing
for the weight difference, This can be attributed to the fact
that, within limits, the raterial distribution (givcn a constant
weight) in the truss only weakly affects the stiffness at node 2,
That is, there arc a varicty of designs having the same weight
and some deflection of node 2 wder load condition 1. A ‘

. secondary choice might then be made among these using sorme other

criterion such as the one least nearly critical in EBuler buckling,
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In order to test further the hypothesis that the same stiff-
ness could be obtained in this problém by a varicty of designs the
problem was run with the sare design limitations but using the
linking feature of the displacement program to obtain a syrmetric
design, The starting design and the final design weighing 81,0
1bs, are given in Table 6. This desipn was critical only in the
vertical displacerent of node 2 in load condition 1,

A sccond set of design limitations for this problem was
chosen (Case 4.B), The only difference hetween this and the
first was that the maxirun permitted displacerent wns._+_ 0.20 1in,
-~ 0.05 in, greater than bcforc.' 'lhc_ same starting point was
used and the final design as obtained us in_{;, the displacoment
progran only,weighs 68.1 1bs as given in Table 7. This design
is critical in Euler buckling in merbers 4, 6, and 11 in load
condition 1 and members 7 and 9 in load condition 2 and is
critical in displacement at node 2 in load condition 1,

A third set of dcéign limitations for the problem was
chosen to be identical with the first set with the exception
that the maximm pemitted displacerent was + 0,25 in, (Case
4.¢). Starting with the sare initial design as before, a design
weighing 55.4 1bs, was obtained using the force-displacerent
program and one weighing 56,1 1bs using the displacercent

program, These designs arc given in Table 8,
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These desiyns are essentially fully stressed, that is,
every member is critical in buckling in at least one load condition
and displacerent bounds are not active, It is belicved that this
optimu is wnique or very nearly so,

then the optinum design is fully stressed its synthesis can
rore cf ficiently be performed usine the familiar stress ratio
aethod, however it should be noted that as the preceeding examples
show it is not usuully possible to say a priori that the optimua

design will be fully stressed,

2. Three dinensional cases

Consider the truss shown in Fin. 9 which is subject to
the 4 load conditions given in Table 9, ﬁnc structurce is to be
made of ﬁngnosium with £ = 0,5 x 106 psiand p =‘0.b65 lb/ins..
Optima were obtained assuming both linear and nonlincar behavior
of the material, For the nonlinear solution Y was taken as
1.7 x 10t psi and p as 9, The design variables were the diamcter
and wall thickness of the tubes and both colum buckling and
local crippling were considercd as possible failure modes. The
maxinum and minimm pemissible stresses were taken to be
+ 3,0 x 104 and -1,7 x 104 nsi. Displacenent limits were not
considered,

The design will obviously be symmetric and therefore. in the

application of the displacerent progran only two load conditions
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needed to be considered (1 and 3) and the linking feature was
used to insure symmetry. The starting design and final designs
for both programs using the linear material are given in Table
10, 1t tums out that load conditions 1 and 2 are not active
at the optirum; they were, however, active during the drawdown.
sequence,

It is interesting to note that several unsuccessful attempts
were made to outguess the -progrnm. vwhen the displacerent program
had obtained a design weighing 6,37 1bs, the program was stopped
because it was fclt. that menber 1 h:\d hecore too small and that

it should carry more load across the truss to the opposite side,

1)
T
-
(o]
el
™

The design was changed from l)1 D, =0, =0 =D = 1,57,

=
"

=
it

=
]

oo
!

= 3.5, T, =0,00, T, =T, =T, =T, = 0,02,

6 7 8 9 1 2 3 4 5
T =T, =Tg =Ty = 0,016 to D! = 2.2‘3,‘)2 =Dy =D =D = 2.0,
Dg = D, = Dg =Dy = 3,56, Tl = 0,031, T, =Ty =T, =15 70,
f. =T, =T =T = 0,016, wiich weished 5,62 1bs, The 500518

was rostarted and the orocess terminated with the result given
Cin Table 19 in which resher L has vecore small aﬁnin.

[t was then felt that rember 1 shoum perhans be eliminated
altagether because of this result, Teroving merber 1 the truss
becomes deteminate and the techniques of refi 11 can be used

to find the fully stressed-optirun design which is
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D2 n, = n,' = hs

TZ = 13 = F“ = T5 0,0113 TG = T7 = T8 = T9 = 0,018 vhich

weighs 6,16 1bs and is heavier than the result obtained by

i

= = § = J =
520 D =D =B =D =364,

synthesis with merber 1 present, It is also interesting to
note that the fully stressed design with member 1 omitted
involved both load conditions whereas the optiru does not,
The results using the nonlinear material properties are
given in Table 11, As one would expect, the result is

heavier reflecting the reduced stiffness of the tangent modulus,



Chanter VI

DISCUSSIANG AND CONCLUSIONS

The approach to the 5.)'nth‘0$i5 progran described in the
preceeding converts what is usually handled as a constrained
minimizatio.n in design space to a sequence of unconstrained
minimization problems in an integrated space., The motivation
for the particular techniques developed is that the quest for
an acceptable »il:‘.pl‘O‘.’Cd design with an accentable behavior is
carried our simultancously with the analysis problem (in fact
they arc one problem) thus climinating ﬁzc rencated analysis
of muny designs which are then rejected, These techniques
contain the following novel clenents,

1. .An intcgfatcd attack of the preblen, The
consideration of the problem in the integrated space,
while not entirely new, has not previously been ,
success (ully handled because, as a rathematical program- .
ming problem, it has nonlinear constraints and objective
(rerit) function,

2. The draw-dovn concept, The idea of constituting
the merit function as an incquality constraint yiclds a
minimization problem in the integrated space in which the
function being minimized (the analysis residual) has a
known minimum., The advantage of this is reflected in

the following,
-83-
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3. The conversion to an unconstrained minimization
problem in the integrated space, Because the function
being minimized is the analysis residual and its minimum
is known, the penalty function may be used to transfomm
the constraints and construct an unconstrained minimiza-
tion problem. The penalty function is not new but when
uscd in .the usual minimization problem where the con-
strained minimum of the function is not known the

}multiplicrs (A's) cannot be determined with any confideﬁce.
In the approach described in this paper once the converg-
ence criterion for the residunl; is established the A's
may be explicitly detemmined,

4, The analysis convergence control, The integrated
method makes it possible to apply rational engineering
judgments in deciding the degree of accuracy of the
analysis necessary in relation to the synthesis problem.

The body of experience gained in applying the method to

actual problems has generally supported the hope that the

desired advantages are present, The running of these problems

has also brought out twa particular weaknesses in the method.

These are summarized below with suggested avenues of study.

1. The initial value problem and the near initial
value problem. The true initial value problem attempted

in Chapter III section E f{ailed when the finite difference
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residuals were used in the integrated method, While the
details of the reason for this has not been completely
studied, it is clear that it is related to the propagation
nature of the analysis problem, A similar difficulty was
encountered in the application of the general truss
programs to cantilever beam like structures, Tn a sense
these arc similar to initial value problems and when syn-
thesis of such structures was wdertaken, the rethod,
vhile not completely foiled, was extremely slow,

The rcintionship between these difficulties suggests
that a thorough study of the mathematical properties of
the u-functions for such problens would be rewarding,
Another roﬁcdf‘(or tiic ncﬁr aropacation »roblems. may be
found in the application of the variable retric ﬁinimiza-
tion method (sce 4 below).

| 2. The termination problen, In the uppliéation 6f
the integrated method a sequence of rerit goals is goner-
ated and attained, This sequence terminates when an un-
achievable goal is sct. The discovery that the current
goal is beyond rcach is presently made only when the
minimizer finds a ninimum of » (i.e., when vy » 0) which
is not zero, The satisfaction of this termination
criterion often requires a protracted computational

period and when it is satisfied the only information gained
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is that the last achicved goal is thcvoptimum (actually
that it is within a of the optirum). .There are a nuwber
of tests which have rccently been developed for use in

the design space which determine whether or not a given
design is a local optimum, If such tests can be adapted
or similar ones developed for use with the integrated
method @ large increment in efficiency during the temina-
tion phase will be obtained,

If’thc measure of an idea is the nurber of new questions
it pbscs, the intcgrated method is a rich one. The folloQina is
a list of some extensions, arcas of possible irprovement, modifi-
cation, or investigation which have core to light in the course
of this research,

1. The defficicency of stress limit bucklihg
control, This problem has been discussed in Chapter V
section A and here it is merely reiterated that the
prospects for includine the nonlinear nost buckling -
behavior in the integrated method scem very promising,

2. ihc possibility of handling the constants
directly, The conversion of all constraints into
penalties while convenient may be soréwhat incfficient
in the case of certain constraints, Many constraints
are linear so that if the rore corplicated constraints
are treated using penalty functions, the resulting

functions may be minimized subject to these lincar in-
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cquality constraints, This problem has been found to be
somewhat more tractable than when both constraints and
objective function arc nonlinear,

3. Control paramcter studies, The convergence
criterion (c), penalty constants (A's), tolerances 0Q's)
and the drawdown increment (&) have a corplicated and
interrelated effect upon the cfficiency of the intcgrated
rethod and there are ﬁany possibilities for study involv-
ing these numbers, One exarmple of such an investipgation
cores {rom the proposal to vary the convergence criterion
(e) from one drawdown to the next, Thus at the beginning
of the draw-down sequence a looser criterion could be
applied than near the end, The advantage of this is
that the less stringent the criterion the faster the
-convergence., The analysis uceds to be really sharpened
only as the optimﬁm design is approached., The unrcsqlvcd
question, of course, is how to dctcrminc‘nénrncss to the
optimum design,

Another possibility along the same lines is the idea
of varying the drawdown increment, Large drawdowns if they
can be accomplished are more efficient than small ones,
however, generally one would like the last few to be small
so as to bracket the optimum within closer limits,

An interesting question involves the X's and Q's
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{the penalty constants and tolerances), If the actual
upper limit on some quantity is EE} and the penalty is
constructed as X, < x, - UB, >> where UB; = UB, - 0.

J J J J J J
and Aj = e/Qj2 then when v is less than «, xj will
be less than Gﬁ} . When Qj is a rclatively small ner-
centage of'.UBj the penalty rerely acts to prevent violation
of UBj; however if Qj vere a larcer fraction (say 30%)
then the penalty night serve to guide the minimization
orocess away {rom the constraints, In other word;

"warning' that a limit

"thicker" Lounds night give some
was b&ing approached,  In prelirminary attempts with this
idea the process has not bécn hastened but slowed, however
perhaps a rore orgaized study would be fruitful,

4, Minimization technique develonment. As mentioned
carlier (Chapter IV) an investigation of the variable
rmetric method upﬁlicd to the »-function should yicld
considerable improvement in speed, It may be possible
to circumvent the disadvantage of excessive storage
requirenents that this method has. There is some reason
to suspect that the metric can be approximated by a
block diagonal matrix which has much smaller storage
requirements, The fact that the residuals for each
load condition are uncoupled from cvery other load

conditions and that the only coupling that enters

is through the design variables suggests that the metric
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which uncouples all the cquations has this block
diagonal form,

5. Computer aided formulation. Since ruch of the
human labor expended in solving a problem using the
integrated method is the repetative organized drudgery’
involved in the formulation and prograrming of ¢ and
vy a possible arca of investigation is the programming
of.n corputer to do the programming. In other words
what 1is suggested is a y-function compiler., With such
a corpiler all that the engincer would need to do is
supply the analysis And constraint equations and the
computer would construct a program that would compute
v and vy, bhhile the developrent of such a compiler is
not a trivial task the organization of the integrated
method is such that it can be logically described and
thus programmed, It is likely that programs so produced
would be less efficient than the "hand made' ones just
as compiled programs arc usually less efficient than

machine language programs.
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FIGURE 3 THE GENERAL SPACE TRUSS
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FIGURE 4 A TETRAHEDRAL TRUSS EXAMPLE
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FIGURE 9 CASE S5 CONFIGURATION



FIGURE 10 GRADIENT DIRECTIONS
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FIGURE 13 THE LINEAR ESTIMATE
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FIGURE 14 THE QUADRATIC APPROXIMATION TO
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FIGURE 15+ THE ZIGZAG IN TWO DIMENSIONS
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FIGURE 16 THE ANT!-ZIGZAG MOVE
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FIGURE 17 THE COMPLETE MINIMIZATION PROCESS
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£ 1

Load Conditions for
Cases 1 and 2

Load s @, AT, AT, 4T
Cond- IS Kk . ik : 2k 3k
ition  Kins  Jemrees  °F °F °F
1 100 0 50 100 150 -
2 135 135 150 100 50
3 100 35 0 0 0
TABLE 2
sumerical Results
Cases 1 and 2
Kk Case 1 Case 2
j Load LB, UB, Q. Kx, Kx; Kx. Kx,
" cond- Y SEART FINAL  START FINAL
it.ion (PR 4 Rt NEFAY H . iMa
1 . 002 3.0 0,00 1.6 1,170 1.6 1,176
2 N/A A 0,02 3,0 0,01 1.5 0,540 1,5 0,384
3 Ay 0,02 3.0 0,00 2,0 1,573 2,0 1,635
4 5,, -70.8 70,8 0.7 50,00 51,43 50,00 54,32
S 1 gy -70.8 70,8 0.7 50,00 17,73 50,00 21,07
6 gy, -70.8 70,8 0.7 -10.00 -49,32 -10,00. -47,36*
7 9y, -70,8 70,8 0.7 -10,00 -20,61 -10,00 -19,29
8 2 g2 -70.8 70,8 0.7 50,00 62,91 50,00 66,76
9 o3 -70.8 70,8 0.7 50,00 70,48* 50.00 68,46
10 oy3 -70.8 70,8 0,7 50,00 68,85 50,00 66,73
11 3 g3 -70.8 70,8 0.7 50,00 16,30 50,00 56,85
12 g33 -70.8  70.8 0.7 -10.00 -22,34 -10,00 -22.16
13 a,  -0.198 0,198 0,002 0,100 0,174 0,100 0,174
14 Vi -0.198  0.198 0.002 0,100--0,000 0,100 -0,005
15 u, -0.198 0,198 0,002 0.100 -0,150 0,100 -0,181
16 V, -0.198 0.193 0,002 0,100 -0,146 0,100 -0,180
17 4 uy  -0,198  0.198 0,002 0,100 0,175 0,100 0,196* .
18 vy -0.198 0.198 0.002 0.100 -0,089 0,160 -0,1i3
19 d, . -20.p -20.0 -20.0 -20.0
20 /A O N/A N/A N/A 0 0 0 0
21 a§ £20,0 +20,0 +20,0 +20,0
7 N/A 8,934 N/A 9,005
W 14,00 8,921 14,00 8,980
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TABLE 3

Load Conditions for Casc 3

Load
Condition

S LB

Note: A'I‘ik = 0;

P
k
kips
100
150
70
105

ABLE 4

%
Degrees
0
0
270
2710

¢ = 1,2,3,4

Numerical Results - Case 3

O CO N GV i N

j k Case 3
Load IJB UBj Qj K xj K xj
Cond- : ey By .
ition START FINAL

i 0.01 4,0 001 3,00 0,887

NMAN 0,01 4.0 0,01 1,00 1,92

A3 0.01 4.0 0.01 4,00 2,65

i1 0 =155 4,55 0,45 -5,00  -26,8

1 971 -44,55 14,55 0,15 0.00  -27,4

031 -44,55 14,55 0.15 5.00 28.8
T12 64,35 64,35 0.65 -7.00  -40,2*

2 952 -64,35 64,35 0.65 0,00 -40.9

T3z -64,35 61,35 0,65 7.00 13,2

10 13 -44,55 14,55 0,45 -4,00  -17.6
113 a3 -44.55 41,55 0.45 -1.00  -15.9
12 o33 -44.55 44,55 0.15 -4,00  -17.6
13 Sy -64,35 64,35 0.65 -5,00  -26,1
14 4 9oy -61,35 64,35 0.65 -5.00  -23.9
15 a3, -04.35 01,35 0.65 -5.00  -26.3
L u, -0,198  +0,198 0,002 0,100 0,114
17 Vi -0,198  +0,198 0,002 0.100  -0,003
18, u -1,98 +1,98 0.02 0,100 0,208
19 vy -1,98 +1,98 0.02 0.100  -0,014
20 . u3 -0.198  +0.198  0.002 0,100  -0,002
21 V3 -0.198 +0,198 0,002 0,100 0.059
22, uy -1.98 +1,98 0,02 0,100  -0,003
23 vy -1.98 +1.98 0.02 0.100  0.089
24 N/A dy -200.0  +200,0 2,0 0.00 16,1
25 ! d. -200.0 +200.0 2,0 20,0 18.0
26 H§ -200,0  +200.0 2,0 25,0 -17,13
|4 N/A 14,43

W 30.0 14,11
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TABLE 5. Case 4,A
Displacerent limits * 0,15 in,

Member Initial 4.A.1 Torce 1.\.2 Displace-

Diamcters Displacerent rent Program

Program Final Final

Diamcters Diameters
1 4,00 3.36 3,87
2 3.10 _ 2,09 2.4
3 3.49 2,05 2,50
4 3.42 2,56 2.50
5 3,27 2,21 2,22
6 3.14 2.07 2,00
7 3,96 2,07 2,92
8 3.61 2,87 3.28
9 2,20 1.41 1.20
10 3,55 3.10 3.00
11 3.20 2.33 2,65

weight 106,0 1bs. 79.6 1bs, 82,6 1bs

TABLE 6, Case 4,A.3
Displacement limits # 0,15 in, and linking for symmetry

Member Initial Final
Diameters Diameters

-

L)
& u .

e e v
%

.
©

000 3OV (NN =
. e
.

©

LAV R SE VRV R R R R VR
Py

0N DN N P N e N

3 D pet LR TN et b e et G N

NONMMNO VWML U

TN 0 SO 00 N W 00 e e

et ot
Lol =]
- -

.

Weight 104,1 1bs 81,0 1bs,




-112-

T:BLE 7, Casc 4.3

Displacement limits + 0,20 in,

Member Initial Displacement
Diameters Program Final
Mareters
1 4,00 © 3,93
2 3.10 2.15
3 3.49 1,85
4 3.42 1.86
5 3,27 1.65
6 3,14 1.56
7 3.9 1.13
8 3.61 3.07
9 2,20 1.01
10 3.55 2.12
11 3.20 2,45
Weight 106.0 15, 6S.1 1b,

TABLE 8, Case 4.C
Displacerent limits + 0.25 in,

“enber Initial 1.C.1 Torce 4.C.2 Displace-
Diamcters  Displacenent rent Program
Program Final Final
Diameters NMareters

1 4,00 1.88 1.85
2 3,10 1.41 " 1,32
3 3.49 1.08 1.09
4 3.42 1,81 1.84
5 3.27 1.60 1.69
6 .14 1,57 1,61
7 3.96 0.88 1,08
8 3.61 2,68 2,066
9 2.20 1,02 1.01
10 3.55 1.48 1,49
11 2,48 2,50

3.20

Weight 106.0 1lbs, 55.4 1bs, 56,1 1bs,
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TABLE 9
Load Conditions {for Case 5

Load Condition 1

Load Condition 2

p
}ll
0.0
1700,0

0.0

->

pzl

0.0

-1700.0

0.0

Y

plZ

0.0

-1700.0

0.0

>

PZZ

0.0
1700.0
0.0

Load Condition 3

Load Condition 4

3 ; ; :
213 Iza Plu 24
0.0 4000.0 -31000.0 0.0
0.0 0.0 0.0- 0.0
0.0 -3000.0 -3000.0 0,0

TABLE 10, Case 5,0
5.A.1 Torce 5.4.2
Member Misnlacerent bisplacement
Initial Final Final
D t D t D t

1 2.80 0,008 2,16 0.008 2,16 0,012

-2 1.07 0.079 1.81 0,016 1.80 0.018

3 1.07 0.079 2.03  0.014 1,30 0,018

4 1.07 0.079 1.88 0,015 1,80 0,018

5 1.07 0,079 1,82 0,010 1.80 0.018

6 3,33 0.030 3.59 0,017 3.55 0,016

7 3,33 0,030 3.59 0.017 3.55 0.016

8 3.33 0,030 3.59 0.017 3,55 0,016

9 3.33 0.030 3.59 0,017 3,55 0.016

Weight 10,94 1lbs, 5,96 1bs, 6,03 1bs.
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TABLE 11, Case S.B

Member Initial Final
D t D t
1 2.11 0.20 2.03 0.012
2 1.89 0.016 2.11 0.015
3 1.89 0,016 2,20 0,014
4 1.89 0.016 2,20 0,014
s 1.89 0,016 2.11 0.015.
6 3.00 0,030 3,61 0.018
7 3.00 0,030 3,64 0,018
8 3,00 0,030 3,64 0,018

9 3.00 0,030 3.04 0,018

Weight 3,26 1bs, 6.54 1bs,
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TABLE 12

Ruanning Time Surmary

Case Program No.of No,.of 1107% Est,
Variables Active Algol Fortran
Con- running time
straints time

at Optimum (sec.)

1 m-bar truss - 18 2 17 -
2 m~bar truss (non- 18 2-3 50 - e-
linear) .
3 - m-bar truss (non- 26 1-2 200 . ~e-
linear) .
4.A1  Torce-Displacement 71 2 1416 - 283
4,A.2  Displacement 38 1 221 14
4.A,3  Displacement 33 1 375 75
4.8 Displacenent 38 6 394 79
4.C.1 Torce-Displacement 71 9-11 31607 632
4,C.2  Displacement 38 -9-11 1532 307
5.A.1  TForce-Displacement 78 12 $468 1700 -
5.A.2  Displacement 30 1-5 3651** 730
5.B Force-Displacement 48 10 496 99
(nonlinear)

* These times do not include termination time,

t This run was stopped at 63.0 1bs, and restarted using a 2%
drawdown instead of the 5% used un to that point,

* This run was interrunted ot 6,06 1bs, and perturbed and re-
started (sce text).
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APPENDIX A
FORMULAS FOR vy
The minimization teclmiques used to find the minimum of
p required the computation of vy, This appendix contains the
formulas for the components of ¢y for the three ¢ functions
developed in Chapter III,

a, - The m-bar truss
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-2
. N t px ]
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ik 2 3 ] = -1 ’
(A.q)°6G., - 2.2 pi-1l2
i ik Sl"ik 8l L'Oi. 1+ piRioik
j= mk + i £A02)
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Uy %5 wp ., *l 1D, 3
i=1 . ik
KKk LY., LDX
+ 2 oy, AL A oy | i 2K
Hp Lo LD.
1 ik
m .
.2 E sn Aot M i\u LDXiJ'
by |-
i P10, Il LD, _J
+ 22y bND;, (A.3)
3
J=m (1+L) + 2k-1
. o1 m
% L3 . o KK K, o LDX, ) LDY,,
3Vk X . = Tk i F i 1k LD 3
1 i=1 ik
X m LDX.2
KA}\OKU Z “ik
- 2By —= A9k |, @
e . ik
i=1
m .
K Loy
+ 2 z SD'k ‘1 i u k
=1 P 1O, I ik
+2 2y B,
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5. A. d.
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b. Torce-Displacerent Method, General Space Truss
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C. Displacement Method, General Space Truss
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APPENDIX €

MINTMIZATION TEQINIQUE

Havine constructed a ¢ function appropriate to a given
syntiesis nroblew the development of .'mb algorithm for finding
a sct of values for the variables such that ¢ -+ MIN < & may
be considered as a separate problem,

It is well known that vo is a vector normal to the
surface ¢ = constant, Turthermore the gradient direction is
the dircétion of greatest positive change in the function y,
This is illustrated in Fig. 10 for two dimensions, Let the
vector X' obe modified such that the createst change in ¢ occurs,
then . 4

x = XU+ ho Y (€.1)
wvhere h is a scalar quaitity, It can be shown that there exists
an h < 0 such that u(:\’) < x;(.{q) unless vy (?\'q) = 0, This
suggests that a negative gradient modification process, applied
repeatedly, will lead to %m X for which » MIN,  The problem of
finding h remains however, Il it is too larpe, as shown in
Fig. 11, ¢ will get larger; if h is too small the process will
be extremely slow, One approach to estimating a "hest" value for
h is as follows, If X is to be determined, as in Eq. C.1, then

w(X) may be considercd a function of h alone. The Taylor cxpan-

sion to lincar tems is

WD = WY s (X R v (€.2)
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and climinating X from the right hand side using Eq. (C.2)
gives

W) = WG+ bl - v @Y (€.3)

Let ¢ (?q) be set to zero in EBEq. C.3 then for the linear

approximation this value of h, designated ho, is given by

‘ Rat|
hy o= e X)) (C.4)
o ve (Xh « v (XY

This is interpreted geometrically in Figs. 12 and 13, ‘This
- gives an order of magnitude estimate for h, but the minimum
value of & in the gradient direction is sousit, and a quadratic

approximation will be better, Therefore let

x = xt o+ T hy 7 Y (C.5)
and write
2
v (D = atl + bT + ¢ (C.6)

and cevaluate ¢ at T = 1 and 1/2

p(1) = a + b + ¢ ' (C.7)

v (1/2) = (a/9) + (/2) + ¢ (C.8)
Note that at T = 0, _

v () = oxh = ¢ (€.9)

Solving eqs. C.7, C.8, and C.9 for a, b, and ¢ yiclds

a = 2 [ o) - 2y (1/2) + vCH] (C.10)
b o=- ¢ (1) +4u(1/2) - 3 N (C.11)
c = v (XY
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and the minimum is obtained by setting

dw(T B o
-5§-l = 2al+b=0 O (C.13)

Therefore, the value of T for which (1) cquals a minimum, in

the quadratic approximation, is designated '[‘o and is given by

o T G - 20 /) ¢ v (Y]

This is illustrated in Fig, 14,

. . + N '
Let a move be made to the point X1 1 defined by

] . .
L S N (xH (€.1%)
o o :
where ho is given by Eq. C.4 and To is given by Eq. C.14, Now
if the entire process is repeated using )‘Eq*l as the starting

12 thc‘proccss will tend to make ¢ - MIN,

point to find X
It is interesting to notice that if the quadratic

approximation works well then

w Y L = oo (C,16)

This means that successive moves may be essentially nommal to
cach other causing the path to "zig zag" (sce Fig, 15) and the
process then become quite slow, llowever, if occasionally moves

are made in a direction defined by the vector

R o= X2 .o (€.17)
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the process may be accelerated, The motivation for such a move
is more intuitive then theoretical and Fig., 16 gives an insight
into why it 'usually works,
Specifically a move is made as follows:
X = X2 e R (C.18)
vhere h' is to he detemined, IProcecding in a muwer sinilar

to that previously discussed, consider ¢ a liacar function of h!

that is
s (W) = eh + f , (€.19)

Now when h' = -1 |

Xom XPT ol oy ol (€.20)
thercfore

b D) = o =i v g (€.21)
and when h* = 0

s O = WY - ¢ (c.22)

from which it follows that

e ) = v G - GO e WG (23)
Let p(h*) be set to zero in Eq. C.23 for the linear approxima-
tion, this value of h', is designated hy and is given by
)

o % - @)

v ho = (C. 24)



This gives an order of magnitude estimate for h', but the mini-
mum value for ¢ in the R direction is sought and a quadratic

approximation will be better, Therefore let

o= XA o h! R S O (€.25)
write
o(T') = 2 (1) + BT ¢ o (C.26)
and evaluate y(1') at T* = 0, 1/2 and 1, then
W0) = ®H = o | (c.27)
W(1/2) = (@'/9) + () + e (C.28)
p(1) = a' + b + ¢ (C.29)
Solving Eqs. C.27, C,28 and C.29 fér a', b, md ¢' yields
at =2 u(l) - 2 /) + e (C.30)
Bt o= - w(1) ¢4 w(1/2) - ey (C.31)
¢ =

) (C.32)

and the nininum is obtained by setting

9§T$Il) 2T + b = 0 (C.33)

Therefore the value of T' for which  (T') equals a minimm, in
- the quadratic approxination, is designated TS ;n)d is given by

T = - | (C.34)

where a' and b' are obtained from Eqs. C.30 and C.31. The move

then is finally defined by
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3 | g2 T o
X X + T hy { X xt} (€. 35)

where ho' is given by ﬁq. C.24 and T,' is given by Lq. C,34,
It.is important to note that it is not always possible to
find an irproved value of ¢ in the direction ﬁ. when an attompt
‘to move in the E direction fails to yield a decrease in w; the
gradient method may be resumed,  After a successful E direction
move, it is clear that gradient roves should be resumed for at
least two moves, Pig, 17 illustrates the entire process in two
divensions for a hypothetical u function and Fig, 18 shows a
cosplete flow diasram based on the essentials of the minimization

tecimique just described.
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APPENDIX D

COMPUTER PROGRAM LISTINGS

The following are listings of the Algol programs used in

obtaining the numerical results given in this paper. The

programs listed are

l.

PSI3, an Algol procedure for calculating 4, ¢ and
7y for the Force displacement formulation,
PSI4, an Algol procedure for calculating ¢, v, and
7y for the displacerent formulation,
i
QUAMPT, an Algol procedure embodying the minimiza-
“tion algorithm described in Appendix C, ‘
P3EXTR, the main Algol pm;;,mm for use with the stress
displacerment program,
PAEXTR, the main Algol proeram for use with the

displacement program,
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Listing of PSI3
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PAOLENURE PSTAISY 3o STARTIT 150 DA TNGIOAN s CALCIILATERLST v CALCULATEGHRAD » [Ny
XexaPSTPSETES

VALUE- STAXT IS DRAXAINGIOW s CALSULATEP STy CALCULATEGRANS ST - H

BOOLEAY START NG ORANKINODO 4 CALCHLATEPST o CALCULATEGRAD ¢ SYN s

RFAL PSTePSITS

INTEGER ToPRs

RFAL AIRAY XeDXS

REGIN
OaN INTEREY MDS RS LOS 2420015 2
OaN ROODLFAN LINEAReNINLE HZAR HKL $

ONM REAL EadHD I YS oL 08T oS50 r ke INT 1P T2 GFT 3 SFCh PN NTLTALAYA S LAME
LAMC s IE e QUL s UBA 2L A0 £ S e ARE 2 kN TPIHHO » EXUNLS s FUR P LAVRI RS T G)TPT 1 SAYS

aK? +EDSeICCCrLSDYSPSY 3
O REAL AIRAY LAMALL 42000 eNF {1,200 2{1,4200) 272 e c80)ee2V)0

LGSGITaa2u) e LoTrllea?u)sPile,Srlee?Dal,al0lslid(lea200) :

U1 ,e200)1GAA{1 30 0020010 ,20) 4

0N INTEGEY ARRAY VRTLEIN.42000.,.6) s VaUSIN(L.+2051.42)%
Ont AOIMLFEAN ARAAY FIXEN{1aacDrleeB)sPHEAGSTIL4s2001402)%
IOTEGFR 1o e 4rReSeTEIL TI20T 30 TH0et IS . b1
REAL TS1s G20 1S5 1S3+ 1559TSneF A )
RFAL AxAY »1(1..s'l..ﬁu.l..}u):s)(1..?0.1..10):dJ\(\-.IOP)-
ANAT e s 20 0E3 0 s 2o le s 1 L LAlas2UrleslU) a1 ,02001,4.10)
SRUNIY a0 11 1S5L L1020 5,100 ,05PT5(1,.20) $
STRUMG ANATROING S
LIST QATAINGS iSRSNI S,

FOR T={1s1runs) QU MaTLE(IS0)
FOR R281e1e ARTLE(Leu) ) DO MATLFLIsR} Do
FOoa Rxzltsleurs) NU I VAVSNITR 1) e 4AVS IR 2) 1 I

FOR 1201+1%N5) DU FO 53010 100IU8) NO FIXFILT09)

FUR Rz(1e129RS) DO (PREASSIR I LIPPREASSIRI2Y ) e

ANATP(L19 3y

FORU I=2(1e1/NNS)Y DU FOR 52(121401G) DO 245, 1)

FOR K=(1e1eLNSIND FUR 12016 1oN05IN0 FOR S={1r»100I4SING P()rlr()a

For J=f1,1eTOPY D0 (L{ e XL ) UREN s0(U) )

EsHNIDUT > BUC» AR LARIESS S QURY K2rBAL s SFEeSFCoEPSYy

01 (DTS NS YiSHILOST

02 (ANATPeEsRHO) »

022LYSePAR) 2

03 {weY) e

05418 0R STL1e10DIVSTIND (ZUSo L) TF FIXEDUTeS) THEN 'FIXED'ELSE
YEIFE "))

07(K)e .

OHUIFNOR ST 14DI25)100 P(SeTrK) )

Q1AL 4RVSNILRI 1) oMV Z) )y :

01200 LREAY e X () euRt U al3) o IF PREASSIU1) THEN *FIXED® ELSE

. "),

013(JrLRfJ)«X(J?vU%(J):JlJ)r]F PREASSLJ-MAS02) THEN fFIXEDY ELSE
e

OIW(JOLR(J)!X(J)OUQ(J)'J(J7D' A A Y

FORMAY



FI4ELs 'SYNTHESIS OF A+ 120 DIVENSIONAL' s 130 NODE' ¢ 1309 MEVBER Y,
YTRUSS SURJECT TO'»1%¢* LOANSY AL,
F20074% MATERIAL 15 *4SIe*SLASTIC wITH Ex®eR12.60% AND RHOS'»R12,.6»
Alde
F22011HE RAMRERG-056000 CUNSTANTS ARE ¥YSZ?eR12.60% M2, 12,A10
FRLYTAZ INTTIAL WEIGHT IS *eR1D.ArAL)e
FUulA2e 'HDIE CUONRDINATES 1AL}
FRUMNANES p 135 X201 e DIMS L (R12464X24555 X2} 54100
FRlA2) tLIADS  rAL )}
FLCOMITION 1 [20A0)
FRIENONES » 135 X2r4.D145., 1R12.h0 X2 2A1)0
FOUEL» ' COUMECTIONS P ALY » .
FIN(vEMIERY y 1300 CONYRCTS NONES 13+ AN o IS1AL),
ELEUXGs TLONER wOUNDY e X 32 *INITIAL VALJE + X3+ *UPPER ROUND' I X2s
TTOLFRANCE T »AL)
F12(1u X2 U{R12.60X8)4S55sA1) s
FI30eIuITIAL VALUES o A3 "DIAMETERSY1A2) s
FIa Uy THICKMESSESY s Al )y
FASLYSTRISSES 1AL,
F1a{taISoLACEMENTS 1AL S
IF STARTING THFN
nEGIN
READ{NATA)S
READL(NELTA)S
WRITE(DATA)S
IF ANATP(129) EGL NONLINEAR® THEN
BEGIN :
REAN(YS,PAR)S
LINFARZFALSES
HONLINEARITRUES
END
ELSE IF ANATP(146) EQL 'LINEAR® THEN
BEGIN
LINEARSTRUES
NONL INTARZFALSES
END
ELSE
NRITEC'DATA ERROR IN ANALYSIS TYPE®)S
IF TOP NEQ (2+4LDSIVBS+NIUS#LDS*NNS THEN
ARTTE(TERROR IN X VECTOR LENGTH'IS
ENDS
IF STARTING THEN
REGIM
FOR R={1,1,MA5) 0O
REGIN
TS1=0.0%
13vRYSYOIR 1) S
JEUAVSNDIR 2] S
FOR 6=1{1:1:014S) DO
TSIZ(2050J3=21(S, 1) 280241518
L6SRIRI=TSS
L6THIR) 2502 TLIS1)S
For S={1.1+D14S) DO
RESIN
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GRALSIR e IIZLI2U(Se J)=2(S5s L1I/LGTHIRYS
GAMASIRIJIZ~GAMISIRI T} S

FNIE
EvDs
KD T245T6=KU=1.0%
PIzs. 141592 7%
LAMRZE2S/{iTesl) s
LAMEZERS/Lnar ¢ 421 %
LAMIZERS/L{nuCetd)s
IS1:n.03%
FOR @=(1e1,435%7 N0
THLEXAR) o X (RS 4R) ¢ P[4 GTHIR) #RHILTSLS
WPIZTSLY
ARTIELT1001)08
ARIIFLT20000%
16 SNLINEAL THEY
RRLTIELT229022)8
WALTIFAT30030 8
NRITFLTu)Y
For 1=tledsuns) DO
«TELFSINS)Y
W] IELTH)S
FOR <2(1r1,L0S) DO
AFGIY
ARTTEARTDT)S
FIX I=¢tedeNOS) 2
AILTELERI OB S
ENDS
NALTFAFI) S
Foie R=(1r»19VMHSE 0O
£V TELFTU010) S
ARITIEAEL3)S
HRITFLIZL1DS
FOR J={1s1+435) DO
#1TEAF12:0120 9
WARTIFLS14) S
KRTIE(TLI1) S
FOR J={vRSs1e19eVBS) DO
AETELF12:013) 8
ARLTIFAFIS)S
HATIELTLY)S
FOR Jzl2v4Se101eMRSL241DS)) DO
#RITE(F 120140y
ARTIFAZL6TS
wWRITFEF11)%
FOR J=(2vag+vaSeL DS+1919TOP) 0O
ARITELF122014) 9
ENTDS
IF 0RaxIVsN0wN OR STARTING THEN
AEGIN
REAL A2 v 4TPIKSIGP KD
TSIZIS220.0%
COuMFNT COVPUTE KO AVY KT §
FUR Js{1rle495)D0
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AERIN
TS1ZARS(KNexX N e TS s
TS2ZARSIKTIe w589 ) 41828
[
LNPIKNS
KD=TS1 /74358
KIPz(T% .
121527485 » .
CCOMARNT COMPUTE ANJUSTMENTS AN URLie DX 2 TIXIAND LAMRS
FOR Uz=(1414485) 0O
AEGIN
LALII ZLACS) e ID/KNS
HETINHVER N R 412 371 3
LAMIS eI 2L 3154 ) 0 TP/KTS
AEMAS Y 2O AN T e TP/KTS
X512 (U) #xDP/LDS
XLMAS S =X LuRS S 6K FP/<TS
LAl 1 zrpSi{kDsnt NDYIse2)s
LAMIARSIJISERSUIKT/ZO VS }002) %
ENDs
1SE=T42=0.0b
COMUENT CUMPUTE XSTLS
FOUR Jsi2emnst s e uiRS124095)) D0
TOISARSIXL D) exSIGI+ISLS
KSIHPILSTHS
£5IRZTII/7 LS MsS) S
COMwFNT
CALCHLATE HNURMALIZING FACIORS FOR STRESS DISPLACEMENT EQUATIDNSS
FOR Rz{1r1s435) 00
HELRIZXIRIX{VAGHR) S
COMAENT PDJUST URLLAILAMAIAND STRESSESS
FOR J2{29va54 14 1+935024005)) DO
AFGIN
LAt ZLH ) e STOR/KSTGS
FEYNDIERYSVE R T E-% fel-FL &S §i11
XA =X E ) 1LSTLA/KSTGS
LAMRLSIZFPSIIASIG/1J) ) s 22) 8
Evns
COMMENT CALCHLATE KUS
FOR = (244054 u355 D541 1, 10P) DO
TE2ZAUSIX(J) ek ) +TQ28
KUP KU .
LUZTS2/7iMIS4LAS1LIus )8 -
COMMENT COVRUITE ADJUSTVENTS ON UR/LBLAMALPAND DISPLACEMENTSS
FOR JS(20vRSeMRSILDS+10 1 TOR) DO
AFGIN
LATUI LA s KUP/KUS
U4 (U1 =U3 () s XUP/XUS .
XL sy axypP/XuS
LAMARLJIZFPSI(RU/0(U) ) se2)s
ENNY
KDTPAHIZKDEKT e P OHHOS
XSIGNT21TKSIGEK¢XTe2 ]S
ADOT=KI/KTS
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EAUOKSTE 411/ AST LS
ECS-KATutReHFE/(LPTa021 )y
CC=kSTudRN*GFC/IKTEK20E) S

IF NONLINEAR THEN

REGIN
Karz={3,0/7,0}1Y5/4516)%
KONYSILST10u/Y5s
KSNYSPRLz{3/ 7145076 {pPaRer2) s
£uDs
COMVFNT COMPUTFE TnE JCToHTs
1512004
FOR R2(101,47%) NO
TOISXARI XLV ASe A LT 1lrI+TS1S
TSIZTSLeXDITPRADS
IF WANINGDOAN THEN
e GIN
LIST

PCHLST RO
FOA4
£0a
1
FOR

ENRVAT

MNLTSTewrD) e .
JET oS )I UL €D o X CULADAUALUIKD e NCU) Vo
JERG T a1 e 2VARSIINILRTIAT I XE NI T oL UIKT e GUIY )y
EE2WAS s F e 2MaSHLUSeMASINOILAT NIRSTGy X (UIKSIG UBTUIKSIGI QL)

J302MUSLNSIYMRS L 1y TORI OO ILHBEII KU e XCJIKUsURTU N U 31U} ) ) e
M2 LA URY
FOR Rl 19435100 (0 XARIZ) s XTEASIRIKT
(X LR/ MRS ) 1<DDTY )
FBAKFOR AT e RGN0 IReX{PUISHLISIR=-1)4K) ¢S 16,
e APJAe2 ) E (X C)AN) e 24 (X {MIS4RIRT)IS62)/ -
(ASFELLGTHIR)I #82) (IF NUNLINEAR THEN
TeN# 05,077, 0YPAREINLPYTSHLNISIR=1) R IKSOTS) 40 (24 21))
FLSE 1eU) ) o=XT o248 { V3540 /0KD¢SFCHXEIR) 2
IF NONLIMeAR THEN SGRTIL.U+(R,N/7.0)P4Re
X LPMRSHLISIR-1) 4K IKSOYS) v e {PA1=1) }IELSE 1.0)
L E2VASAHLNSIR =1 P )RS TG U I 2MASHLNS(R=1 ) ¢XKIKSIG)
FOR TS 1enDSI00LTFOR S={1+190145)N0
XAMASL24L DS LT -1 INTMSH (K= 1 IN)SAD 1545 K) ) e -

PCHFRUMT (4 (R13.R»XS) ALY

R YORARNDI I CYCLE COVPLETE s WT1GHTZ'2R12.60400
TNEW DRARDOYY LGOAL Il L HE yPN=*2R12.Ar81,.1),
IF2000HE BESTOG 1S s "MEMIER D ¥ D77
’ LIMITS *eNb, 20" AMN) '9)R20AL s
(Xx10124x300%20X35N%,34X2900.2041) )
DFILTHE AMALYSIS'»A3)
FIFUL L DAD CUNDTTTONT s 1 30A2, YMEMARFRY STRESS EJLER?,
' CRIPPLINGY » X112 'L IITS Y 2 AL
P E I S S R I PS5(R13 U P ALY » TNIUDET $ X1T 2 YDISPLACEMENTS Yy
A?c..NDS.0((1'lZuxbo.oanS.-(d!U.QIXS):A!))S

WAPOSTSI (1. 0=-DELTA)S

LAVAZERS/CINELTARESS) 42 %

WRITE(DFLP DN S
TSTICLOCKS
ARITE(NF20002)
ARITEANFS) S
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€nq K2{1,12L 051 00
CARTIE(NFEsNDY) S
191 2CLOCK-T81%
AITElISt) S
EMDS
ENDS .
IF CALCIHATEPST O CALCULATEGRAD THEN
REGL

IF SYN THEN
RESIN .

I51=0.0%

S FOR 3={le1sMA%) DO
TSISXARPUAMAS I L TR} #7518
TSIZTSLeknTPRUOS
Fa=lF TSY GIR 4PD THEN 1S51/9P0=1.0 ELSE 0,0%
£ans

COUMFXT CALCULATE EUILI3RIUM RESINUALSS

FOR x={11,L0S? D0
ASGIN
TIIZ28VuS e~ NGS
FOR 1201, 1enDS) DO

F02 52{1.3,D1I45) 20
REGIN
IF NOT FIXEDC(LeS)  THEN
AEGIN
TIPZVHTLEL T+ M S
TS130409%
FOR J=i1:1,712% 0O
REGIN
RZMHTLELT 0} S
TSIZX (T +ReLDS)IX{AINIVIASERIGAVISIRITI 4TSS
ENDS
FOISeIok TSRS 1K) /KSIGUTPYS
£ENn
ZLSE
FU{Se 1sX1Z0N-0%
ENDS
£90%
COMMENT COMPUTE STRESS~DISPLACFMENT RESINUALSS
FOR K=z{1s3,LDS) NO
FarR 2=112199A5) DO
‘REGIN
IS130.0%
F29AYSNN{R 1) S
JIMAVENN{R2) S
TIICZZ2PURSIMASELNSE(T~1) QIMGHIK~LINNSEOINSG $
TI2=TI1~{I-3)0iuse{d-1) DIVS § :
TIAZ24MASLHLDS IR ) #K$
FOR S={)219014S%) DO
TSIZGAMISe Ry ) IXATIZ#S)=X{TT145))4TSLS
ISTITSIeECKUOKS/LGTHIRT S
1F NONULINEAR THEN
RIGIN '
TS3=5SL ARV KISX{TIS) 4R AE(IX(TIZIKSOYS) ¢ PNR)S
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TS2TMMIR e )], U (A/TIP R LTIIIKSOYS) o6 insR=1) ) s
SAAV(R X PZHARTLTIS20 S
SRR IZANF AR I(TSI~1G51) S
ENDS
I LINEAR THEN
RIGIN

TSA=58L LRI ZX(TLINS
MMIR K ) THRYMMIRKI=L,US
SMRex I=FIRILLTISY~TS12S
EMOY
FuNg
COMMANT CUMPUTE PEMALTY FUNCTIONSS
1¥ SYN THEN
AEGIN
Fur J=lis1eT0P) QO
RE3LM
TS1=Xi=-unidr %
TGozLAl ) =Xt ) &
AN TLF TST 60 0.0 T4FEN 1S ELSE IF T52 GTR 0.0 fHEN -T%2

ELHE D.0% .
FNDS
Fait R=1101043%) DO
AESIM

TSIt {RI/x{MASER) ILOOT Y ~IR $
T52:L R~ TS +unK) 3 . .
ANIRIRIZTF TSI BT UMb THEH TST FLSE IF 752 617 0.0 THEN =TS2
ELSE U0 3
ENDY
1F uxL THEN
FOR R={1»14MH4S) DO
ILGIN
ISPISLRIZTSITINARISKN) 2024 { X (MIS¢2) 4L T) 2028
TSIZTHI/ZLLSLIR) B
IRV S S EN VAR TS FY
FUR xz{1214LD%) DO
Hfa:1Y
TT122MAS4NS(R-1) XS - Coe
TRAZ(FLox(TI1) evulnsK)/TS1I~-1.0%
ERLQsXITIF 153 GIR 0.0 Tufy T83 ELSE 0.0%
FOAZICCex{TT1) #T4%2¢GRWA{1,K) )=, US
LCLRX)IZIF T53 GIR NN THEN TS3 ELSE .08
ENDS
ZNDY
E£Nng
ENNS
IF CALSULATEPST  THEN
ARFGIN
T512753=n.0%
Fur <={1.1¢LNS) NV
RESIN
FOR T=01r2eNIS) DD
SOR S3{le}sD1AS) 1D
REGIN
TS22FQl5e 10k ) 0028
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THAZVAXITN3, T2 %
TS12TN24T51s
ENDD

Fud Rz{1e1evas) QU

REGIY
T522S0{HeK) 6028
TOR=VMAXITSA,T2) 8
THI2TS24T51 8
ENNS :

[ 03

15 ST THEN

HESIN

FUI Jzl1+12109) IO

IEGIN

Ta2SLAMHIOY IR LD es2) 8

THIZVAX{TS I T2 8

II=TS2eT51%

Pariel }

FOT RZ(121eva%)Y W

EGIN

TH2ZLAYR (AR (R ve2) $

TH3IZVAX{TG3¢T523 %

TSIZTS24T51%

ZND3
TR3zvax (T3 LA (FAse2)) 8
TSIZLAMA(F Ree2) 4 T51
IF AdL THEN

IELRLIN

SR 2a={te3ouns) DO

FoR «z{l3sL25F 0O
REGIN
T52zLAVE (Z340K) #9208
TR AVC(LCIRaK) #4208
TSISAXITS35T52.TSUDS
TSHIZTSP¢THU+T51s
Funs

Inhe

FND$
PSIZTSTS
PSTI=ZIS3s
ENOS
IF CALZULATESRAD THEW
A£61IN
FAR RTELeisW45) OO
AFGIN
TIizvdvsnldells
T12zu4vs 1) 02e 208
TI3z2evuS el NS(R-1)S
TSIST5H32T54=0.0%
FOR £={1+1,005) NO
HELIN
152z=0.U%
IF BAL THEN
RESIN
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T vzZEnlRICIVR(RIK) X (
INY NS EFES I TS
£47%
O S52(123o014S) DO
T2z e 0iSeTIV K L HS»TI20K 1Y GAMISIR, FTLY#TSDS
ISIZIS2exX{T13+4) +TSTS
DXEFE KIS X 4RI 4 X145 44)
P25 R KINF () 2402, K)
$TF Sy Dt 20LA4AIT1 30« ) DT E3#K)
tIF QUKL THFS
PLAMESER (e k) 4CCHLAS0(R) ¢
(LMK )= .2 2WR ) +F,UI/NS2FSIR)
F2LAYCILC {Rs< ) eCCo ()6
(IF LINEAR Teie®™ 1en SLSE
(2.0tI3/771)052{PAR ) ¢
(CIXUTIZLIKADIS) b (Pant-1) )/
(el 2o 1/ XEM3S4R)
FLSE U0
ELSE nend

T134K
Y{FL>

ENDS
IF NOT 232A%S(R0 1) A% STy THEN
DOXLAP 2T 51 e X (SR j e 21 AVt EfGn
2LV eIl IKNDT/ X AGER)
PRLAVART A KNTRH 109 L MASHHLILOTH(R) 7 490)
¢1F HXL THEN
CPLAVE S Do FCH(RDe a2 ) s GG OX IR 4T 33/
: (NSPTS(AJ¢421]
P2LANCECC O ISH/ K IMAS 1) .
ELSE .0 .
FLSE '
DXIR)zPus
IF NOY PRIEASSIRN D) AN STy THEN
DXAMASERP 22 TR X (R) #2041 {435 4RI HMD IVMRS4R)
AR SRR X IRIANO T/ I {341 #42)
$2L AV FAIKNTORAICLIRILGTIURY 7 4P)
¢IfF BxL THE .
= LAMFAPSECH{L F#e2) 4 GHNIR) ¢ X{4541)
1S37UNSPESL1) e e2)
=20 AMCACCATSU e () /I (URSHR) 3 42)
ELSE a.n
ELSE
DXAMISERI VL0
Enns
EAR SZ{1e1eDIMS) W
TOR k=(lel1elDS) DO
Fark 1=ile1+°05) 00
ALGIN
TE2=(24005) 1254 (1=-11DIVSH(K=1)INDNSAN[VS 5%
IF 82T FIXEDTLeS) THEN ‘
nEOIN
iIStxn. 08
TTisvarLellonds
FOR 2010107110 10
REGIN
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RzA4TLE({Te ) S .
TSR KINFARIER JORS#5AMIS e e E)ZLGTHIR) #TSTS

ENTIS
DXATE2)2 2151418 Sy Tusd 2LAVMHITT2IANDLTTZ)
ELSE U.us

ELSE .
DXLTI2)za.0
€40
FHNS .
END PSI3S
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Listing of PSI4
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PROCEMIME PSI4lSY»STARTING s DRAWINGDNANI OUTPUT s PHCH, CALCHLATEPST
CAL CULATESRAD Y TOP» X2 DXsPSTPSTIDS
VALUE SYNsSTARTING e DRAXTIGHOAN s OUTHRUT »2CHs CALCHILATEPST »
CALCHLATELRADY TOPS

BOOLEAN SYNeSTARITING 1 DRAATHGDONN OUTPUT » PHCHr CALCULATEPS L
CALCIH ATEGRADS

INTEGER TIP%
REAL A4ARAY XeDIXS

REAL PSTe2G11%
AEGIN
DAN INTFGZR MNSe MRS LDS DIMS s ALPHAS s AE TAS, LLUSULU» AP8y AMAX 2 BHAX
VIVAX D
SOOLEAY SYsSTe)RIQUIPHICPLCS
SYZSTNS
ST=STAATINGS
DAZIRAATH500AMNS
QU=OUTPUTS .
PNTPNCHS
CPCALCHILATERSIS
CHCALCULATFORANS
1F ST THEN
REGIN
READINDIS  MAS LOS DTS  ALDHAS Y HETAS) $
LLUSALPHASHIETASELS
ULHZALPHASH T TAS DTS NS ELNDSS
TF UL HEQ TOP THEM
ARITELYOLY NOT EQJAL TO TOP,CHECK DATAY)S
REAN{AMAX s RAAK I MAVAK]) S
APRAZALPHAS+HETASS
ENDS

REGLM
0wl ROJLEAN AALS

OAN REAL ErRHOsKU»SFErSFCrwPNINELTACLAVA LAMF e LAMC I LAMR» QUEY
DUC PR URRP LBRIESS K21 EPSPHIPLS

OwN REAL ARKRAY LAMDCL. oM3S)sLAUMTIL,48S) e 0D (14 ,MAS)IsNT (14485}
CAVMS LT o MAG s e eSS 20 e o MRS 114 elNSY e 20T, eDIVSs10e%)S)
LOTALL e 435 s LOTHSQ UL, o+ MAS) JLAVMUILLI o ULU) rRUALLU o L) »

PO e DIVS e e sSSPl oo LDS)/LANIT 0 at135) 23D 140MAS)  LAT(1,. ,MAS)
uqr(l..Muﬁ).Lqu(LLu.-ULU).unu(LLU..ULU)'Kn(l..wus)u<r(l..MuS)o
LAST1.eM35 1 .6LDS) v UAS LT 0 MRS 1. oL0DS) 0

GAMLL. aNIYG2T10eMHSIT 4 NDS)S ’ .

OWN RNODLEAN ARRAY FIXED{(1.4405014,0145)+PREASSA(L .4+ ALPHAS)
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PREASSA{L. .RETAS)S

OuN INTEGER ARRANY vanfe(l..pvn..wnt\x.l..ﬂ)%).wﬁvsun(1..wns.l..zi
PACT U e AMAX e Lo s ALPHAST #ACT (Ne o riMAY e Lo o 3FTAS) B

INTEGER TodsXoReSoVsae IR s RPoXBoSPITILoTIZ0 130 T1GsTI50 T16r TLTS
REAL TSTrIG2s 1581 TS0 TS IShe TSTHRUPIFNS

REAL ARNAY HTRAINUT «oMASHT e elDSYEQI o )TM5e 14 o NDSs 10 LIS) e
RN e o ARS) o INDT L] 4o VHS) o BHUDR T o o275 s AU ILLUL S ULUT »
RMNS UL o 4390 14 s LDS) 2 OSPTS L aMaAS)I e NNT UL e o AS) e
ﬂfl.-VﬁQPr’ll.-“dﬁ)vtﬁ(!..“RS!l.-LU%)!LC(l-.“q§vl.-LDQ) s

LIST DATAL(FOR 111 o4MOSIDOIVRTLER(Yens 1)y
FOR VI d o MATLE2 (1o 0o TIDDIVATLS 201y s DY aTLF 202,V 1)) ) )
OJTIPICLeMRTILEP( a0 e T} eFOn VoAl dlev4TLE2L2,0:1))D0
CARTLE2 010V T o NTLED U200 1))
NATAZIFAR REUYelevaS) DMV lie 3 o VUSHIIRe2) ) ) 2
QITP20F0R RZ(1e1avis) ORI VIYSEIGEL 1) o 28YSMIIRI 22 D) 0
OATASEFOR vEl1oba ALPHASY NOTACT(D VY s 70T W (12 2 ACTLYIVI )
ACTEa2NY) Y0 ’
OUIPIIVeACTI(UIVIPFOR AS{1410ACTIONVY) DN ACTINI V)Y
DATASLFOR Va1 10AETAS)  NUEACTLOP Y sF0R w211 vRCT 0PV
HCT wev)))e
QITPUIVIALS IS ALTINIVIFOR AZ(123030T{NVIIDN RETY(ArY))y
DATALIFOR val1s1sALDHAS)Y NU PREASSALYI Y
QUIPSIFIR V41212 ALPAHAS) DO (Vs IF PREASSALY) THEN
YPREASSTIBNEDY BELSE *VARIAWS *)he
DATABIFOR v={1+1,RETAS) NO PREASSHIY) )

20

o

OJTPHIFOR v=t1+¢19AETAS)
PEREFASSIOIEDT ELSF
NATAZIFOR I=(1»1,M0S) NO
OJTPTULeFOR Sz(lelrNIMS])
DATARBLFOR K={1+1+L05%) DO
N0 PISsTX) )
OJTPRLLIFOR S=(1e12D]US]
DATAGLFE O RZ{Le1aVaS)
0JIPG(FNR R=(1e]1sWiS)

DUV EALPHUASY IF PREASSHIV) THEN
eVARTANLE )3,

FOR S={10122145) DD 2{(S¢ 1))

nog Z{Sel)ise

FOR I=(1s1s%D5) NO FOR S5{1+1:D1IMS)

N0 PLSrIek})s

DOLLADIRY »URNMRI»ADIR] S )
A0ERILADE)

w2 2R )

DATALIN(FOR RZ(1+1943%) NUILATIRY s114T{R}I»QTIRI D)o

OJIPINIFOR RTA1r1s435) AUEILATIRI P UITIR) $#OT{R)II)»

DATATLLFOR X={1+19175) NO FOR H=(1s17¥5S) DO
LLASIR K 2 UASIRIKD HOSIRIKII D0

OJIPLI(FOR KZ(1+12LD5) N0 FOR R={1,1+435) DO
(ReXpLRSIReK ) e URSIN XY 2 00SIRIX)I D )0

DATAI2LFOR J=iLLJrlsuLyl

ACERSNCNINERTEIVION) FA VAN B B K

DITPIZ2LFOR «=Lirle0N5) 00 FOR I={1,1,N0S) DO FOR Sz{1,1,0IMS)
NOC <o ToSeLdid{ARRR (I =1IDIAS+H{LK=1INIS*DTMSHS) »
UAULAPASI-1 0TS+ (K ~1)115¢3I454G)

AULAPR4 (T=1)1D14G+IK=1IMNISENIUSHS) ) )
NATATZL(FOR 120101 endS) RO FOR S=(10 1031450 00 FIXEGLILS) )

0JTPI3(TeS)e
NATATULFOR RZ{1+1e4n%)
NATALIS(FOR R=(151s435)

N0 xD(RI}»
DO KTI(R) I
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ONPIGIFOR 20191 2.485) 0L KDV o LKTERID D
DATATALIOR JZlLL JrLedl) DO XEU) )
QUTPIALFOR (2012170050 90 £O4 ST, 1e01M5) DO
(Se LK e XEAPAC NI THTASHIK-EIUDSIDIVSS) 2 ) .
DATALTAE s RANDS SFRA SFLHTELTA Y NUF e NUL s AUR IR LHT  F S5 K20 E£P5 1 S

FORMAT FIATQYNTUESTN OF A Y Test NOUFL*]2,% VEMBTR 9 11e? NIVENT,
SGTONAL TRUSYH SUAJECT TO el LIANSYAL)
FRUrr-g INITIAL wEIGAHT 1SRN UeAd 1)
FAUO T VATERTAL CONSTANIS AUE* A2 Ly
TETVaR1ULUIAY .
YRHUZT Y RIU LI AT s AP RN B ALY
FRUVTHE CONTHRNL CONSTANTS ARE* 242410
TEPSILONZIRI0. 9 A
TS RV ALY
TOSLTAZY sty AL )Y
FRUVIAD SPECIALC LIMITS ANF Y A2, 1
AT XIS A2 S P PR AN S S R PR AN ST N T 3
L U T I S T RS L R TR AR (TP P ¥
TGP LI R RPN PR PELITE N TR XL IS NIy S I
LOEERINESENES ST TR R SRS SR S-A RS TS YV S § XY
FROVTAPOLAGICAL 3 SCRIFTION OF STROCTHNE o e de 1)
FTLr0a8 20120 IS JOTWNFD AY Yallet wEMHERSGY A,
Er a5 232 #0020 UGS BT T NOBE *¢12:A3) )
FRIVIHIS.e?sAPY )
FOLIMEMAER 1,120 COVIECTS NOOES '912¢f AN *e125A1)
FIOUET 2V DESTGN COMIROL PESCRIPTIVNwt2A1a2)
TR 20200 ) COUTROLS THE DIASFTERS OF 5125 % vERSY s AL
(1208120
F1200 004512, %) CUNTROLS THE THICKNESS OF 2,13 VEVATHSGY AL
(129810 )
FI1309XEe,T2e%) 1o 2581 .AL),
FIG(PIESION VARIASLE PREASSTGUMEIT o7 sA%. 1)
FIhleYs "NODE CUORIINATES o '2AL 1)
F10N0DE 2126 IS AT *43(R1N4eX3)sAL)»
FITOPNONE Y e l2s3(X3+1010,8)0AL )
FIleie L0AD CONDITIOMS, s sA L 2) s
FIOOCONDITIUY Ye1dea2), :
FROLET» OESTH I=ANALTSIS LIMITATTIONS... v AL 3)
FPRIOPTAVTTIERY S ALe Y LOAER JPPER TOLERANCE Y2 ALy
12+ xY 231U 4s ALY Y,
FPRUYTHICKNESS sA2 e L1029 X1 e SHL1A.GrAL) )
FPACISIRESSES ¢ A2 "MEMAFK LOADY  LONER UPPER TOLERAT®,
TNCEY s a) o (X3 120 X30126X20 301049 A ) )0
FPUlIDISPLACEMENTS ra2 tLOAD  HNOOS DIRECTION LOWER? »
[} UPPER TOLERAUCE 2 AL e (X290 820 X252 X84 [22X1D»
3240 82AL) )y
FonrirNone FIXTTY 0t eABeD)y
F2BA9N00E *o12e 1S FIXFO IN THS Y211, DIRFCTION*eAL)
FPTIE e P INITIAL OESIGNT2AL Y MEMAER NLAMFTER THICKNESSY e
PAL X2 e 129 X8 0T ULUIX21RIDWNIALYY
FPHLEY)»
FP9UYINTTIAL TRIAL ANALYSIS'1A5.2)
FI0LTLOAD CONNITION *»12sA041)
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FIIETUL et tal2e 9001100332 10.U0A 00,
ERrAREC AN FTRY VRS § I
F330 TS UESTIGN nEIGHSYoRID.4eALy

CIHME NECw oDAL AlILL BFte2lu.4eal2)

1F ST THEN
AEGIN
ARITE(F2A)S
AALIE (R /DS e I4S: DIVSLD5) S
REAILRRLD S
KRITELLF a<l. Tfy *AJCALING CONSINEREINY ELSE
THUCKLTHG MUT CONSIDERED? )
aFAJINATAI D) S
ARITESF S E s RrDIK2) S
ARTTELFGSEPG TS OELTANS
WRITELF S e SFE e YUE s GFE=NUESSFCrNIC SFE=2UC  LHER e NI L3234
MR DU PURR SN S
REAJIDATAL)S
ARITELF24) 3
AITELFR)S
For I=(1s1s4DS) 9
KITEAF T, LUTPL) S
READINDATAR)S
HRITELFR)S
aRITELFQOUTP2)S
REAIDATAMS
ARITE(F1U) S
FOR VZils 1o ALPHASY DO
KRTTEAFEL0UTES)S
RFEADJIDATAWYS
FOR v=i1212R8ETAS) 20
ARTTELF12/0UTPI) S
REAZ(DATASS
«RLTE(FIu)S
FOR VU110 ALPHAS) DU
ARITEAF1I3.0UTPS) %
REAJ(DATAALS
FAR V=141 +2ETASY DO
ARITELF13¢0UTPH)S : -
READIDATAT) S
WRITELF15)S
ForR IZ{1:1805) OO
ARITELF YA OUTPT)S
REAN(DATAR)S
WRITELS18) 8 -
FOR K={11+L05100
JEGIN
ARITE(F19.0 8
For I=z{1+1.%)S) 00
dRITE(FLT.0UTPR)S
ENDS
ARITE(F2U0) Y
REAIIDATAGIS
WRITELF21,0UTPI) %



RFEADATALO)S
“RITELF22,0UTP10)S
READ(DATALL)S
wRITE(E2 5 0u1PI S
REAJIDATAL2)S
WRITELF2490UTPI2) S
REAI(DATALD)S
WRITELF2H) S
ENR I=(1s10N05) DO
FOR S=(1+1eD1U5) NO
IF FIXEDLT,S) THEN
WHITELF26500TP1IAYS
REAYIIDATALIL)S
REAIDATALS)S
wRITLLF2T50UTP1u)%
REAMDNDATALB)S
“RITELF29YS
FOR K=(1+1,L.D8) 4D
IEGIN
ARITFLF30.¢}S
ARTTF LR3I DUTPLIO)S
£4D%
COMMENT COMPJUTE Tulf LENMOTHS » SUGUARES OF LENGTASsAND DIRECTIO 1 COSTHES §
FOR Rz{1s1eMuS) 130 .
IEGIN
7S1=n.0%
12v3vsaDinel)d
JIVAVSHDIR 2) S
FOR §=(1+1,0D1I%S) 0D
TSIZ{Z(Se =215 1)) e82¢TS1s
LOTHIISSURTITSI)S
LOTHSQA{R)I=TSTS
FUR Sz{1s1.DI4S) DO
RFGIN
GAMAS RTINS NI -2(8 1)) /7LGTHIR) S
GAMIS e JIZ~5AMIS RIS -
ENDS
ENDS
COMMENT COMPUTE LAMSINx) s LAMO(R) JLAMTI(R) . s
- FOR R={121e9w3S) O :
3EGIN
LAVN{RIZEPS/ZIQI(R) e82) 8
LAVWT(RIZEPS/UTI(R)se2) S
FUR K=(1+1:L05) 0O
LAMS(RIKIZEPS/{05(R+K)s02) 8
ENDS i
COMMENT COVPUTE PR . s
1S1=0.,08TI1=0% .
FOR KStialsLNS) 1D
FOR I={1s1eNDS) 0O
FOR S=(ls1D1M%) DO
REGIN
IF PLS+1+K) NEQ D40 THEN
HEGIN

|



TS1ZAa5(P 15, 1oK))+TSLS
. TIL=1+M138
ENDS
FNNS

PRZTSI/TILS
K TELF32 PR
COMMENT [NTTIALIZE ALPAHAS AND AETAS LKUsPISLAATILAVE LAMC, LAVY
ok Jzile10 2P DO
X4J1=1.0%
412103
P123.1419927% .
LAMISFPG/{uunss2) s
LAMZZEPS/(WUESS2) S
LAMIZFPS/IDUC 02} S
LAMASERS/ZLLESSENELTA) S 020 S
COMMENT COMPITF THITIAL WETGMYT
1S120.0%
FOR R=(1212VHS) N -
FOISKIGRIKIURIPIPLGTIHIRI sRHIHTSIS
aPNZIS1Y
ALTELFD e 4P S
(221} ]

IF 97 0% ST THEN
4fGIN
COMYENT CuvMPJTE ki
1S1=0.0%
FOR U LLLU» 1 UL
TSIZANSIX LU #K)) #1618
KPR KUY
CIZTSIZ{ULU=-LLUsL S
COMMENT ANJUST XsLRUUSUPAND LAMUY
£NR JTILLU1eULUY DO
JEGIN
LAUCIIZLAU LUK P /KU
Xt =x{UIKUP/KYS
JHUL suRU G UP /KUY
LAVUL DI ZEPSUIKU/QUEY) Y 0sD) S
ENDS
COMMENT ANDJUST ALPHAS AND AETAS
FOR V={112ALPHASY DO
3EGIN
TIIZACT(OVIS
FYR w={1s1+711) DO
REGIN
T12=ACT (weV)s
KDATI2)=AN(TI2)X(V)S
ENDS
X{vizt.0%
EnNDS
£0R v=(1+14RETAS) 0O
REGIN
T112RCT(NI VIS
FOR w={1s1s713) DO
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AFGIN
11224C1(wW, V)8
ATATI2IZXTUTI2)IX(ALPHASHY) S
ENDS
XCALPHASHV)IZL W03
£NDS
[ ith

IF D THEN
AFGIN
COMMENT CALCULATF »PD
169120, 0%
FOR R=(1,14MRSINO
TSI TRIRDIR) D IALGTHIR] #1404 151 S
APNz=TSILL L U=-DELTA)S
ARITELFAN TSP}
ENNS
TaACE 16417 §
IF C6 2Rk CP 0% 0 OR PN DR DR THEN
REGIN
COMMENT Cal.CULATE STRAINS
FaR KZ{1914LDS) DO
FOR Rz{ts1s485} DO
AEGIN
T5120.0%
1=4avSND (R L) S
JTARYSNI(R2) S
TI1cAPH e (T=1)DIVSH(K~1}OS+N]TUSS
T12=aP5(J-1)D1u5+{K~1INDSENIUSS
Foir S2(1e104NIVS) DO
TSI2GAM(S Ry TIIX(TI24ST=X(TIL4S))+TSES
STRAIN(RIKIZTS1eKU/LGTHIR) S -
£ S
COMMENT SET UP D2} AND TIR)
FOR VZi1s1¢ALPHASY DO
3EGIN
TIIZACTI(NI VIS
FOR w=(1s3+711) DO
REGIN .
TI2=ACT{nwev)S
DUr123zxpfr12)xtvis
ENDS
ENDS E
FOR V={1+1.RETAS) DO
3EGIN
TIISACT(0P V) S
FOR wzl1+12111) DO
HEGIN
T12:=8CT{AIVIS
TITI2I=KT(TI2)X(ALPHASHY)S
ENDS
ENDS

COMMENT CALCJLATE EQUILIRHIUM RESIDUALS



FOR K={1,1+LDS) DO
FOR 1=(1+1+ND5) DO
For 5=(1,1,DI%5) DO

AEGIN
IF NOT FIXED(LIS) THEN
HEGIN
TI1=MATLE2 10+ 1)3
TSiz0.0%
FOR Vv={1:1¢T11) DO
AESIN

R=4RTLE2{IIV1)S
THIISTRATNIRNK) #np(R)«TL{R)+GAMIS IR, 1) +T51S

ENDS
ISIZTSIYESPTS )
EOUS oK) zUTSL4P (S [1K) 3 /PS8
END
FLSE
EAlS»TeX) 20,08
ENDY
IF SY THEN
IEGIN
COMMENT COMPJTE wEIsHT PENALTY
TS1=0.0%

FUR Rz{1+1+%3S) DO
TS1=(RITURILGTH(RI+TSLS
TSISTSeP 4GS
FAZIF T51 GIR 42D THEN (TS1/WPI)=~1.0 ELSE 0.,0%
COMVENT COMPJTE N o7 AND D/T PENALTIFES
FOR R=(1s19vAS} DO
AFGIN
1S1z0{RY=URNIR) S
T52=LRN(R)I=IIR)S

ANIDLRISIF TSI GSTR 0.0 THEN TS1 ELSE IF TS2 GTR 0.0  THEN

~T52 tLSE 0.08
TS51=T(R}=URT(R)S
TS2=1LB1{RI~T(R)S

ANDT(RIZIF TS1 GTR N.0 THEN TSI ELSE IF %52 GTR 0.0 THEN

~752 ELSE 0.0%
1532001 {RI=D(RIZTIRDS
TS1=7593~uAxs
TS2=LAR~TSSS

ANNRIRIZIF TS1 GTR 0.0 THEN TS1 ELSE IF TS2 6TR 0.0 THEN

~¥52 ELSE 0.0%
EMNS
COMMENT COMPUTE NIRECT DISPLACEMENT PENALTIES
FOR y={LLU:«1ULU) DO
REGIN
Fsr=x {3t s
1S2:LRULY) =X () S

BNNULJIZIF TSI GIR 0.0 THEN TS1 ELSE IF TS2 6Tk 0.0 THEN

~T152 ELSE 0.09%
ENDS
COMMENT COMPUTE SIVPLE STRESS LIMIT ROUNDS
FOR r={1:1+,¥85) 0O
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Fot Kz=(1¢1:LD5) 0O
REGIN
TO1ZSIRATNGL KIE~URSTIK]D S
TSPoLASIRP X ) =S5TRAINIRIKIES -
ANDSIRIKIZTF 151 GTH 0.0 FHEN TS ELSE IF 152 GIR 0.0
THEN ~T52 ELSE N.0%
ENDY
IF HKL THEN
BEGIN
CavvEnT
COMPUTE AUCKLING PENALTIES
FOR R=Ctelrvi5) DO
REGIN
I5PIS(RI=ILR) 4224 T(R) 6929
FOR X={1eleL2S) NO
HEGIN
TSI {={ReSFEALETHS HRISTRAINIRK})Z{(PIss2) 0
DH21S{RI)I-1,0%
EALRICITIF TST GIR N9 THEN TS1 ELSE 0.0%
TS12(={STRATY{R K I#SFCHNOTIR)I/K2) ~1,.D8
LCIR»X)IZEIF T51 GIR D9 THEH TS1 ELSE 0.0%

ENDY
ENDS
ENNS
ENDS
COMMENT Enn JF PST CONSTITUENT COMOUTATION
ENDS
IF CP THEN
HEGIN . .

fS1:75320.0%
FOR K=(1:,1,LNS} DO
FOR I1={1+12NDS) DO
FOR Sz{1:1:D195) DO
AEGIN
TS22EU(S»1eK) 0023
TSITVAXLT52,T53) S
TS1=7S2+751%
ENDS
IF SY THEN
FOR X=(123,L05) DO
AEGIN
FOR AZ{1+1+M35) NO
REGIN
TS2ZLAMSLR 1K) (BNNS{RIK)I s 42} S
IF BXL THEN
BREGIN
THWZLAVE(ER(R K] S62) 8
TSSzLAYLALC {RIK)*22) S
TSI=VAXLTS20 193/ TSUATSS)S
TOI=TH24TS4+T55+T51 s .
£HD
ELSE
REGIN
TSIMAXATS25 TS S
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THIzTH2 47518
ENOS

ENDS
ENDS
IF SY THEN

AGIN

FUR R=(1e+104RS) DO
RFGIN
TR2:LAMRLIRYNIE Ll e 62 8
TSA4ZLAMI(RIIANNNIR)IS D) S
TSOTLAMTIR) T4NDT(R)Is4D 1S
TSAZTUAX (IS Ze TSU I TSH TS0 S
TSIZTS2+TS4+TSS 4151
ENDYS

FuR Jaf{LLuflULU} D0

: HFGIN
TSz LAMGL I (480t ) #e2) %
TSAZUAXLITS2.TS8) S
TSI=T52471S1%
EHOS

TSPz avalFadsel) s

TSIzvaAX(TIS2: 79308

TSIZTS24T51%

ballel §
PSIZISES
PSIIZTS3S -
ENDS
COMMENT ENN OF PSL ANND. PSEL CALCULATION s
IF CG THEN .
AEGIN .
COMMENT SET ALL PARTIALS TH ZERD 1
FOR J=11+1,T0P) 00
MM Z0.0%
COMMENT CALCUILATE PARTIALS OF ANALYSTS #ITH4 RESPECT TO WS $

FOR SP21{1s1.D1I%S) DO
SOR IPz(lv14NDS) DO
AFGIN
COMMENT IF THE Trre NONE I3 THE S'TH DIHRECTION IS NOT FIXED s
IF NOT FIXEDLIP25P) THEN
REGIN
TI2ZAPAH I IP=) INTHS+SP=-NIS*DIVSLS
TIL=MBTLER2 (1 U 1P S
FOR S={1+1e01I%5) DO
HEGIN
161z0.0% -
FOo v=(1s1eT1L) 0O
AERIN
RaM4TLEZ2(1 Ve 1P S
TSL={{~GAMISP R/ IPIGANIS R IPINDIRNITIRIIZLGTHIRY)
+7T51% .
EnIS
ISISES1%c0.yeP /PR
FOR xPzl1,391L095ID0
DA(TI24RPA NS DIUSIZZEN(S TPIKP) ¢ TSL



AXLTI2¢KP DG IMG) s
ENDS

FOR XPz(1s1/L05) DO
HEGTN
TIZSTIT24K2eDS NI WSS
1S1z0,.0% -
FOR v=tdeleTILY DO

REGIN
JENRTLT292.V,1P) S
RzVATLEZ (L V2 IP) S
Fu ST11+1.0145) HI
TSITEALS 1 JexXPI{SAY ISP I ReJIGAIS, T NDIDIRITIRY
LETHIR)Y ) +ISLE

|51
DXATERSOISTa2ep o X eI /P3) 40X T13)S
ENDS
END3
ENDS
IF ST THEN
LLIN .
COVMMENT CUMPJUIE PARTIALS #4014 RESPFLT TO PENALTIES IF SYNTIHESIZING AND
OF ANALYSTS wifdd RESPECT TO ALPUAS AYD HETAS %
FGR =i Lo ALPHASY DO
AEGTIN :
1F NOT PAEASSA(V) THEN ;
BEGIN :
T5120.0%

TI1ZACTIN, VIS
FOR 4=(is1oTI2) NO :
HEGIN }
RTIACHLAsY)S
1ZvAYSDIRL)S
JZURYSHDIRS2) S
15220.0%
F02 k=i, 1elnS) DO
© ALGIN
TS320.09%
FOR $201+3+D1IM5) NN
TSAZLEQIS  JrRI=FQUS s Je KV IGAMIS IR T+ 7SS
TS2ZTH3024STRATYRIK) sEeTIR) sPT/PHLTS2Y
ENDS .
COMMENT TR2 ~HERE S THE PARTIAL DF THE ANALYSIS oAITH RESPECY 1O DIR) s
TSIZTS2¢43(R) #7518
. ENDS
CaMMENT TSt IS THE PARTIAL OF THE ANALYSIS #1TH RESPECT TO ALPHALV) s

COMMENT MDA TOR PEMALTIES INVOLVING ALPHA(Y) s
: FOR wW=lir1s711) RO
HEGIN
RZACTI{AeV]S
¥S2:0.,08%
IF RKL THEN
REGIN
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FOR Xz2t1,1,LD%) DO
HEGIN

I1S2=286 AVFef{H KD @
(16¢SFF ol GTHUSAAISSTAAINIRIK) ¢2(R)IV/
UAPTsen 12 (DUPTS(R)2e2]0 ¢

?oLAUCs L CIRIK) *
L~STRATHIRIKIASFC/IK26TIRI D)) 4

152%
ENDS
E4I
1S2T1S242¢LAMASANIRTIRI# UL/ TIR) D4
2HLAMDIR) s NN} ¢
POLAVACFHLIP T e TIRIILGTHIR)I /4701 S
CHMMENT T82 HERE IS THE PARTIAL OF ALL ACTIVF PEMALTIES #1TH RESPECT fO
n(RrR} . . . 5
TSIZTS24ADIR)IATISIS
ENDS
KV TS
ENDS
ENIS
COMMENT NOW4 AlTH RESPECT T RETA - . . 3
FOR V=(1+14H8ETAS) DO )
AFGIN
IF NOT PREASSIVY THEN
REGIN
TS1zn.0%
TI1=ACT (V1S
FOR wWz(1s1eT11} DO
HEGIN
REsCT{Ar V)Y
1=vRVSND(Re LIS
JEMARYSNDIRF2) S
1S2=U.0%
FO K={1+1,LNS) DO
REGIN
TSI=0.0%
FOR SS(1e150345) DN
TSIZHEQIS 1K) =EQ{5s dsKIIGAMIS R T)+ TS SS -
TS2ITS3I02+STRATINIRP K BDAD{R) $PT/PRETS2S
ENDS
COMMENT T2 IS THE PARTIAL OF THE ANALYSIS #1TH RESPECT T0 T(X) s
161=7524KTER)+TI51S
ENDS
COMMENT NON FOR PEMALTIES TNVOLVING RETA(VY ) s
FOR 4=l1+2+7153 DO :
HEGIN
R=BCT{wsV]S
152=4,.0%
1¥ RAL THEN
BESIN
For K=(lelolns) DO
BEGIN
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(S22 ANFeFlileak) s
(1ASSEF ALLTUSRIA) OSTRATNIRIKIETIRY) Y/
(IPIae2) o (DSDTIS(R)0e2)) 4
el AMCeL CLRIL ) .
ASTRAT IR ex I 0SECH JUI/Z a2 (TLR) 402D ) ) 4

52%
£NUS
(37}
1522752420 L AN IR s (=) /{T(R)*e2) )¢
PelLAviiRY snunT iR ¢
PHLAVAIF A4 (P TR0 Q) o GTHIR)I /AP S
TSI=TS20KTLR)+TS1S
ENDS
OX(ALPHAS +V) =1S1S
ENDS
£t
COMMENT NOY THE PARTIALS uUF TS PEMALTIES 41Td RESPECT TO U
FIRGT TuE SIVPLE U n0NDS . s
FUR Jz(LLUelruyY S0
DXCIIZ2LANIES) e ML) e OXL I} S
COMMENT NON THE PARTIALS 0F Tuf SIRESYH LIALTS s
FUR K2(1elolNH) DO
FOR S=(telaiVvs) DO
FOR I=(1s1e0%) NO
REGIN
1F MOTY FIXED(IeS) THEY
ALGIN
TLISVATLE2 {100 1)
TS12T752275370.0%
Ful v={1s1,711) DO
AEGIN
REAATLE2 {14V 1S
ISLT24LAMSIR K aNI)SIR K ) 2 {=GAMIS 120 I) sE KU/ .
LLTHIRIDAISLS
IF A&AL THFN
REGIN :
TSIZ2eLAMEIFE (R XY ¢ (A SFESLGTHIR) #KUE
GAVIG e I 7L (P12 sSPTS{RIIIETSOS
TSI AVCHILC R 1<)« (SFCANOTIR) ¢GAM{SIRe LI &
KU/ 4L GTHI) Y ) #FS3S
END$S
£NDS
DLAARH LT =1INTVSHIK-1INDSeNIMEIGI =TS +TS24T53
NACAPHE (I =1INIVSHIK=1INO5eN]IUSES) S
ENDS -
ENDS
ENDS
ENDS
COMMENT ENN OF GRANDIENT CALCULATION $
TwACE OFFs
IF 013 OR DR THEN
AFGIN
FORMAT ODVCYTHE DESIGN.e D/T LIMITSS'00)6420PANDY D6, 1rA3 00
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PVMEMUE  DIAMETER  THICKNESS  AREAY X6
WRI/TIR) MOMEMT OF [1STIAY,AL1.D) .
DR2EXI P IZ2oXBeD0a31 XA NS Se X 1N 30 XTiNH2r X R1DBeAL D)0
DNSETTHE ANALYSTS®2A2,10 0
PRE L UAD CONDITIONY s TLeAL. N VSTHESSES Y »ALL Oy
SUEMHER  STQESS FORCE EULER LMo X2y
ICRIPPLING L14. (0AER LIV, UPPER LIM.t'sALa00»
0N {X2rT20X2eD3,10X10NY:1eX25N10e12X39D10.19XT7903.10
X2:DY.19A1a0)
DNn{IDISPLACEVENISY yA2 D tHNNF'2AL1.0)
ANZEXYI 129 X803(09,5:X3)1AY.0)S

LISTY DLEULAR=LUR»URREGUIR) »

DLALFOR =111 VAS) O0(RIDCVy TIRIHPLIDGOITIRIIDIRIZTIRY »
(D(RISs2 ¢TI e2IN(RITLR)$2T/8) )0

DL3IKY e

DL (FOR A=(1e o055 DO(RSTRAT U nIESSTRATMUIRIK)IESD] ¢
DinYe
TRV (={PT1se2ef (DIRIEs 24T (it)002))/
(IGFE=QUEIBALGTHENLRD ) s (= 2¢E¢TIR)ZCASFC~2UCIDIR) D )
LASIRIKI =050 K) IS TR $9S5(R2K I DD Y

DLYUILFOR ST e1oDIUSINOL K AsX {APAIK=1INIS¢DT A4S+ (I=1) e
DIvs+S) )%

wRITELDNLPDLL) S
£RITELNNZIDL2) S
wALTE(DNAS) B
FOR K=(1:,19L.0S) ns
IEGIN
ARITELDOUIDLI) S
ARTIFINDSDLE) 3
arTiF(NOAIS
FOR 1=(1s1+sND%) DO
wRITECDDT P OLS) S
ENDS
ENDS
£NDS
END PSI4%
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Listing of QUADOPT
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PROCEMURE QUANOPTIMY oMy CPrCVo U FH s QUTCRTTIRTOMoHALVINGCYCLES
GRANIENTAANTENIOJTUABEL»SY e PSITYS

COMMENT T41S PuDCENURE ATTEVPTS To MAKE A VMOVE FROM CP IN THE
QIRECTION MV DSING AN IMITIAL GUESS FOR DISTANCE oF 4n,

THE PADCEIURE FY PROVINES THE yALUE OF TuE FUNCTION RUD/Z0R IS
DERIVATIVES IF #ANTED, OQUTCRITERIUN 9 A TELUAIHATION FVYDICATOR,
1 IF TERMINATION IS T0 AZ DONE wriftd HALVING CYCLES 1S TOO LARNBE,
2 WHEN TEJMINATION {5 T7 BE QONE woEN #9715 TOO SMALLS

REAL MIeCVePSTIS
INTEGER U3rpUTCRITEIEO 1o HALVINGCYCLESS
ANULEAN GRADIFNTAANTED SYNS
REAL ARRAY vy,CP3
LAREL OUTLAAEL S
PROCEN.IRE FH%
AEGIN
REAL TZ%
INTEGER I%
ROULE AL HsREDOLRADIENTS
REAL AXRAY X1{YleaUp3daX20loaty3) o X300 et o THET (1,431 0PS{104308
STRING #0INS(12013
SWITCAH SwlzvIdPDINTAESTIFULLPOINTREST e QUADPIINTRESTS
SHITCA Sw2Z0UTONHALVINGe DUTOHNVDS
RENNDGIADIENTZFALSES
BIFALSES
Lies
FOQ 1=241e1o0a) D0
X1LTI=CoUI oMy} /2y
FNISTYVs FALSEsFALSE 2 TAUE» FALSEURS XL MY» THET(1)225(2)) 8
IF THETLL) GIR CV THEN
AZGIN
MIzvwp/2s
HALVINGCYCLESTHALVINGCYCLFS4LS
6O TO SA2LULTICRITERION)S
OJTONHALVING s
IF HALVINGCYCLES 61 20 THEM
- 60 YO OUTLAJEL
ELSE
60 TO OK$
DJTONMOIG @ :
IF vD LSS 0.5 THEN
HFGIN .
AORDISIIMD TNO SVALL'S
ARITELAORDS» DI S
RENDGRADIENTETRULES
GO TO DONES
ENDS
0Ke,
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AZTRUF +
THAET(O)=THET (1) %
PSL21=rSi)s
62 10 L1
ENDS
IF A THEN 60 TU L2%
FOox I=(1s10u4) DO
X20F1=CPLI I 4uDsuvi) S
FNISYN FALSE s FALSE » TRUE P FALSE 2 UR s X2 MV THET(229P5(2)) S
L2+
TZ2{THEY{2 =4 THET UL+ 3CVI Z LU {THET (2«2 THETLL) #CV) ) S
FOoX I=(1s+10UR) DO
COLII=CPUT) eT1 76D MVLT LS .
FMUSYNeFAL ST o FALSE ) TRUE « URADIFHTAAITEN 2 U3 e CPe MY THETA3)90PS{3)) 8
TZ=AINITHET) S
FOR I=3+1s2 DO
I8 V7 €90 THETEL) T-EH GO 10 S#l{I)S
MIIPOINTHFSTa
WRITEL Y MIN20INT BEST') S
PSIT=2501)%
CVIIHET(L)S
FOR I=(1elsudn) DO
Calm=x1(1)%
REDNGRADIFUTZGRADIENTNANTENS
GO TO DONFD
FULLPOINTREST .
wWRITE('FULL POINT HESTY)S
PSIT=35(2)3 :
Cvz=THIT(2)3
FOor I=z{1s10UR}) DO
C2(1)z=x2(1)$
REANGIADIENTZGRADIENTWANTENS
60 TO HONF B
QUANPIINTAEST .
PS11=25(3)%
CvaTHIT(3)%
DONE o e-
IF RFIVGRADEIENT THEN
FNISYNeFALSErFALSEYFALSE» TRUFIURICPIMVICVIPSTTI S
ENO QUADOPT $
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Listing of D3EXTR
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REGIY
IMTEGER TODR /718
RFAL PSP
REALIOPPEPSP 7P}
ACGIN
TMICHE? FZUTORR S TIME odeSe 1O 27,1008
REAL Mo E 2025 PNULeRSLIF e DL, THe251 T8
INLEAN S3eTeFoFxTRAP
QEAL ARAY YU1., 7000, 22014, T080) 0k D011, TO2) s X . TOPPY
XL/ ZPathea TUPR L XPPR L., 10 S
FOUMAT TMlr Yo 'AFTERY 2 TUL'SECYPAD) .
COUPTERMINATING N3 TTME. Tx'elusAPst1)d
LOCAL AU FNatGell 8

FATERMAL ©ROZEDURE QUANUPTS
ExTEQNAL PROCEDURE PSL3S

q=0%

f—1uny

FzEALNES

TapzrulPs

ENSSEPSPS

272720%

TCUl0sFzIanY

WATTELYT vAX s TCUTOFFIS
TIVEZCLOCKS

S&=FS

EXTRAPZFS .

PRI IIGS I TF o FALSES TRUES TRIE s TOP 2 X2 DX s PSHTeNGTLE S
Gn 10 CYCLES

NRANNDNNG »

WAlTE(TMe CLOCK~TTIMF) S

SHETS
5=0%
R=0S
IF EXTRAP THEN
REHIN
FOR J=(1.1:T0OP) DO

AEGIN

FOGLIIz2X{Ur=xP{J} S

XPLIZXL S

FNNs
PSIMSSeF s T rFsF s TOP X2 )X ePHT PSS
FOR J=(1:12TOP} DO

AEGIN

xPpL.)=xtyrs

XCIISIE X4 EAL U0 THEN 0.0 FLSE FIG(R s XD /X201 s

RIS CEINTE )

ENDS
PQIAISSIFeF e T ToTOPsXoIXePSTaPSTIT)S
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FCOUTOUFezCLOCK-TTVFS
TIMF2CLNCLs
ARTIEYVEXTHARPOLATING s * T IME. ALLOAFD et TCUHDEF) S
G0 T0 CYCLES
ENDY
EY SE
AFGIN
LS S LN S S FR T FE SRS S-S FSIIN SR RS
FOR Jz(1»1sT003F DO .
xR Lar=xX{Jls
EXIRADCTS
TCUFOFs=49NUS
LR AODIIECT CONVERGRGCE s P T IMF AL 9dr Ve o Vo FCUTOFFY S
50 TU CY¥CLES
N
CICLE .o
WlIEAPSEPSTLS
M. 0%
For 1={f,10300) DO
MIZAX(flevzedny
MOZ=DLT/(UI{De65)) ¢
IAILTANXsMIe X e P e TUD DG 1Sl LS Z72V0FeS5e051108
RZR+1%
F R 1s{1,1100) N0
XMEH 1 zx (i)
Xwigrdz=psls
IF R’ 6LEQ 22 THEN
AEGTN
WRIIF(PSTePSTL'215-2050)8
273IRANWI0OME21 T3 (/2P -5) ¢33
FOR 12¢10teTUPY DO
NXATITXMIRII)=XxMIA=201)%
MNS~XMIRe NI 7 AN 4TRI VY =XHE3=2+0)) %
R0
5z=0% :
GIANOPTINX s M X+ PST e TOP PSR 2600 T oML G5eP5T L) S
tzus
[ 3141
NiGes
¢ 2911 LSS ZPS THEN
GO TO NNANDDAEND
GO TO CYCLES
Fieo R
WRITELEXYaXe 'NXPeNIX) S
WRITE('PSTTyPSINS
NRITE('OSTTIYePNTL) S
FOR J={1.1.70P) DO
XP{gI=X(J) S
JNC=ULY %
L‘ s
For gzt STEP 1 UNTIL TuP DU
REGIN
IF X(J) wEQ U0 DiEN AEGIN
XPAIZXLII (L 0¢INLD S
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PLLIASeF s F e T Fa TOPs L DK SIS 110 S
XPOPXEII L u=1%0) 8
BOIRIGSeFsF e LeF s 104D Yt PSINDSTT ) &
EDGL NI ZIPSTF-PSINI 2228 ) T % -
xplppz=xtIls
£N ELSF FOSLLI=Y,. 0%
ENOY
ARITELSFTINITE NIFF2FDOYS
IF INC 6 0.0 THEN
AEGIM
TNC-TNC/2%
TR0 10 L1
FND
ZHNS
Eans
FINISH
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Listing of PAEXTR
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REGIN
IMTEGRR TOPe 229
RFAD(TOP,22)8
REGIN
INTEGERQ TIME2ReSe27ZP014J8
REAL MO EPSIPSLPSITTHCFP P
ROULEAN SSeTaF o ExTRAPIPCHIFINS
REAL AQRAY XA1.aTORPIoXR(14eTUP) o XPP Lo TOPIoIX 1e,TINPY,y
XULY,0272200sT02)aFNGI1,.TOP)S
ROOLEAN ARRAY CHECX{1..TOP1S
FORVAT TMIET,PAFTER" +14s *SECYLA2)S
LOCAL LARIL FDoMGeLl $

EXTERNAL PR0OCENURE QUADDPTS
ExTEANAL PROZENURE PSIUS

R=0%
TzTRUFS
FzFALGES
27P27272%
RFADIFPSYPCH) S
TIVEZCLOCKS
SG=FS
ExTIAPZFS
PQIU GGt s 1T e F e Ta T2 TUD I X2 WX s ST PSIT NS
TALE 164178
Gn 10 CYCLES
DRA&NDOWN, .
WQITE(TM, CLOCK-TINEDS
S%=1s
5z0%
R=0%
Ie EXTRAP THIN
REGIN .
FOR yztleleTOP) DO
EGIN
FOGEU)=2X () =-XPLJ}S
Xplyrzxiuds
ENDS
PQIUISS s F s TeSaF s FsFaTOP X2 IXePSTIPSTILS
FOR J=(1»1+70P) DO
REGIN
XPP{JI=x(J)s
XUJ)=I5 XU{J) €L U0 THZN 0.0 FLSE FNGUI sX(UI/XP(.JI%
XPlyrzxXpptals
ENNS
PSIU(GS e FsFsFsFs T TT0P X DX2PSTIPSILY S
TIMEZCLOCKS
ARTTELVFXTRAPOLATING'SS
60 TO CYCLES
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END
E1 SE
AEGIN
POIULSS FrTeToCHe T ToTI0P 1 X DXsPST4PSTTNS
EDH J=11.1:T708) DO
XPLjIexedls
EXTRAP=TS
#AITE(*DIAECT CONVERGENCE')S
G0 TO CYCLES
ENOS
CrCLEw,
ARITELDSTNOSTII) S
MAE0.0
FnR [={1,1,T2P) NO
wNznxl{gse2emns
MNZ-PSTI/Z{unl2e05))8
GUHADORTANZ s M) X PSTrTUDIPS T e LeSedR%Y LSS 722)0 FDeSSeRARLTNS
RzR+LY .
FOR 12(1+1+79P) DO
XMIRe ) 2x(1}S
Xulrendzpgrs
1€ 3 GEG 772 THEN
AEGIN
WRITEAPSIPSTIIN1216=2A50)%
27=RANNOMIZ2 17531 (27P~3) 434
1 (XMLRY ) =XM{R=2,0)) EGL 0.0 THEN 60 TO FOS
FOR 12(1+1:70P} DO
DXLTYI=xv(Rs T)=aM(R=2:1)8
MIZ=XMIRsDIZAXARIUI =X R~2:00)8
R=0%
S=0%
BUADORTINY M) s XsPSIeTOPIPSIUI2:Se TINGsSSHPSIINS
5=0%
ENDS
NGes
IF PSII LSS EPS THEN
GO0 TO DRAADOWNS
60 10 CYCLES
Fleo R
NRITE(*XtaXs'NX'sDX) S
WRITELPSI1aPSE)S
WAITECPSTITYePSTTNS
FOR Jztl+¢1.TOP) DO
REGIN
XP{I=xtd)s
CHECK{JI=FS
ENDS
INCZ0.018
FIN=TS
TRACE OFFs
Llae
WRITEC(TINGT o INCIS
FOR J={1.1:70P) DO
AEGIN



IF

ouUt

END
ENDS
FINISH
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IF (X{J) NFQ 0.0) A4 NOT CuFCkUJ) THEN
HFGIN
x0II=x{ 11,04 T0C)S
PSS SSsFIFsFsF s TsF s TOPIXPINXFPePSTITIY S
xP{ DX NN L.0=-T1C)S
PRIUASSeF sF sk aF s TaF s TORIXPINXe 3P +PSTTNS
WATTECS XY s IFP=4P /A2 [C e X LU F e3P e 5], FP) S
xP{JI=x{Ps
END
ELSE . ’
IF X4J) 0L 0.0 T-HEN
ARITFELIenX(J)sDB.0e0)
ELSE
ARTTELDs CHECKT UMY
vz IF JK(UY NEQ 0.0 THEN
AL LULFP-HP) /42 1o XL U =DX I I/ XSV )
FLSE 0N.0%
IF 9N LSS N001 THEN
CHECKLN =T
FLSE -
FINZFS
ENDY
NOT FIN THEN
AEGIN
INCSINC/2Y
BEGIN
ENDS
ENDS
TSea
$
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APPENDIX B
EXAWMPLE COMPUTER QUTPUT

The following arc the computer output sheets for Cases
4 and 5. The first item is the complete corputer output
for Casc 4,A.2 showing the initial output and suljscquent
drawdown cvecles as well as the final output., The rest of
the items are the final output only, for cach of the other

runs,
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Conplete Output for Casc 4,A,2
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SYNTHESIS OF A o NUDEs1l PEMLERZ DIFERSTIURAL TRLSY SULUECTY TO D LCand
8UCKt ING COMNSTUERED
THF mATERTAL CONSTANTS ARE

€= 3,0002607
Ru0a 2.7994=01
XK2x 4,000,018

THF ¢ONTRAL CONSTANTS ARE

EPSTI CNa Q.90Q2~04
Se {,NOADsun]
OFLTaw %.000¢=02

THF <PEClAL LIMITS AKE

SFF=nl:Fe 1.10Q1400~ G,.99%4=00= N0+ +0n
SFC-nlla 1,0001400« 9,599,~03c 3.00nes00
LPR=ALR2 0,990 et=03= G346 ,~03= Q. Nn,s0n
URRsnLARx 3,00neel24 G9,999,~03x 3,000,302

TOPUYI OGICAL CESLRIPTION OF STRUCTULRE.s

NONE 1 T8 wCIMEY PY 3 FEMBERS
FEMEER L JUINS LT TO NUDF &
FEMLER B JOIMS LT TO NCDF S ‘
MEPEER & JOINS 1T TO MODF O
Nonk 2 1S JOINED EY S rEMEERS
PEMEFR 1 JUIAS T TU NonF  §
MEMLER 2 JUIAS 1T TO NuDFE 3
PEMEER 7 JUINS 1T TO AUDF  ®
MEMEER 9 JUINS [T YO NODE S
MEPEER 10 JUIRS 1T 7O NuDF &
NORE 3 1S VOINLD AY 3 FEMLERS
pEMEFR 2 JOIAS 1T 1O NODE 2
MFPMEFR 3 JUINS IT TO hODF &
MEMEER 11 JUINS 1T TO NODE 5
AANE 8 18 COINEQ BY 3 MFMEERS
MEMRFR 3 JUINS 1Y TO MNonF 3
MEMEER 4 JUINS IT TO fODFE 5
PEMRER 1O JUIAS 1Y 1O NuDF &
NONE S5 IS VOINED BY 5 +EMBEXS
HEPEFR 4 - JUINS 1T TO NODF &
MEMHER 5 JCINS IT TO AUDE o
MEMLER 8 JUIAS IT TO hube &
HEMEER @ JOINS IT Tu hoDF  «
MEPRFR 11 JUIAS 1T T0 hODF 3
NONE 6 1S uOIALD BY 3 MEMEERS
MFMEFR 5 JOIANS LT TO MhODF 5
MEMEFR 6 JCOINS [T TO MODF )
MEMLER 7 JUINS IT YO Nubp ¢

THUS . »

MEMBRER  § COMNMECTS NODES 1 AND 2
FFMEFR 2 CONKECTS NGDES 2 AMD D
MEMBER 3 CUNKRECTS NODES 3 AND &
MEMBER U CCNANECTS MUDES 4 AMD S
MFMRER 5 COMMNECTS NODES % AND &
FEMUFR & CUNKECTS NUDES & aANp 8
MEMEER 7 CONMECTS NORES ¢ AND 2
MFPMEER B8 CUNMNECTS NODES S AND 1
MEMBER 9 CONMECTS MOBRES & AMD 2
MFMieER 10 CONMECTS NOPES & ahD 4
KEMKER 11 CONNECTS NODES 3 AND 5 -



OESIGN LUATROL

At
L]
xt
2
Xt
3
Xt
u
Xt
<
Xt
&
Xt
k4
xt
[}
Xt
Q9

11

ey

p3

“y

51

L3}

kAl

81

9y

xtiny

in

X(1t)

11

X112y

b3
m- DO AR AR LAV -

Ledled

2

CONTRULS
CONTROLS
CUNTROLS
CONTRCLS
CONTRCLS
CONTRULS
CONTRULS
CCNTROLS
CONTRCLS
CUNTROLS
CONTRULS

CONTRULS

CONTROLS

OESCRIPTIUN o

THE
THE
THE
THE
THE
THE
THE
THE
THE
THE
THE

ThE

ThE

UIAMETEFS
CIAMETFFS
OIAMETEFS
CLAMETERS
UIANETFFS
CIAMETERS
CIAMLTERS
CIareETERS
UlameTers
CIAMETERS
LIAMETEFS

THICRLFSS

THICKNFSS
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cF
of
of
cF
OF
of
cf
CF
oF
cF
CcF

OF

OF

OFSIAN YARIABLE PREASSIGNMENT, .

Xt
xt
x¢
xt
Xt
Xt
Xt
Xt
Xt

Ay
Xty
x{12)
K13y

15 vaR1aBLE
1S vaklaBLE
1S vaR1a8BLE
1S vaklaBLE
1S varRlaBLE
1S VARTABLE
1S vahIaGLE
1S vefraBLE
1S vaK1aBLE
1S vax[aHLE
15 vah1a8LE
1S PREASSIGANED
1S PREASSIGANEL.

-

-

-

-

PEMEERS
yerLERS
rLPBERS
rePEERg
MEREERS
MEPEFRS
ME) BPERS
MELEFRS
MEFEFRS
ﬁgfegés
+EFBERS

MEVEERG

MEr Bekg



NODL COURNIMATESe.

NODE 1 1§ =T  (an0ues00
ANODE 2 1 AT 1eNNNre02
NODF 3 18 AT 2.0n04402
AONF U 1 AT NN 402
NCOE S 1s AT  jonN0eeN2
NODS & 164 AT 0,0004400

LOAD COMNDITIONS, s
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o134
e3¢

FUKCE
29794
2LS6.6

~2922.6
-2u79,7
-1926.8
-2573.1
253u.n
~38u8.9
1378,.6
3161.8
=3137.5%

0.0AN00
~e12755
O«nnnnn
-s 2662
~sINRE2
-~ 2400

FORCE

1876,7

L55.7
“876.1
1930.5

315.4

263,.%
~u32.3
1510.7
~574,7
1368,7
“565,%

0sn0qu0
« 00859
Nenanto
-e0NN778
-y NNLES
«IN266

-181-

ARFA
le
«288
+«300
297
« 281
2263
LY
+ 354
167
315
300

ELLER LM,
~bu221,9
-3n191,%
-55374,8
«35778,n
-29LL9,Q
~bn3el.Qe
-13250,0n
-283L6,8
-182M7,2
-22572,3
-70u66, &

ELLER Lk
-“64231,.9
«3n191,.5
~52374,5
~32776,n
-2QuL9,9
~Lavul,9
-13280.n
~2R3ub6,.8
-ln207,2
-22572.3
~<NLAG B

0. 00AND 3000

C{RI/TIRY MOPLNT OF INERTIA
130.99 9.028,=01%
RQ.80 2.909.:=-01
Qu.63 3.uN3.-01
Q3457 3,291 =01
PRLOLI 2.802¢=01
A3 NS 2.3004-04
The1Q 14778501
11840 5e5580=-01
%263 £.857e~02
Qg.uu 3950 =01
Queb9 3.410e=-01

LRIPEL ING LIM,
~91a03,2
-13315,7
=128R08.%
=178235,1
=~1385H8,n
~1uLub9.7
-157u499,9
~1N7ATS, &
-~227085.4
12006,
125728,

CRIFPLING L1IM,
-G1aN3,2
~133415,.,7
=124ap08,. %
~12823%,1¢
-13%388.n
~luuu8a,v
~157499,9
~lNTRTS . &
«227985,4
=12nAkG.0
e121721,7

LORER LIMe
60NN, N
~SA0NH, 0
-50N0NN
-5n0nn, N
=5000n,0
=500 0N 0
«~5nfinn, N
-50000.0
“500N0.0
-51000,0
~50000.0

LOYER LM,
-Sa00n. 0
-5anan,n
-500nn, 0
=S5G000,10
~50000.0
=EA0A0,0
50000, 0
-50000,0
-50000.0
~-50000,.0
50000, 0

LUFPER L1TM,
SnnnN. 0
sSpufin.gg
5nagn.0
sSan0n. 0
50000, 0
LNNBN.0
SN n
snnNna.0
s0000.0
£On0n. Q0
S5mon.n

LPPER L1IM,
Sna00.n
5000040
SAN0in.n
50000,.0
£nngoen
Snnta.n
5000040
SANGN. 0
50n0N.n
San0nen
S5a000,.0



LOah COMNDITIOND
STRESSES
MEMEER  STRLSS FURLE
1 ~831t.4 -2210,.8
2 -2797,06 ~798.2
3 $R1A,9 5u0,.8
4 2309,5 680,46
LS atug,? 2256.%
L ~2228,7 ~580.9
? 3753,6 N8, 8
R ~2R39.% -1005,3
Q 132.3 22,1
to w29tn,2 ~919,4
11 376 ,.0 1015.n
DIsPL ACEMFNTS
NONE
1 n. 00000 Qennnt0
2 - 05770 N1A36
3 -e 02703 Ny00000
u ~s 02280 2 DOUES
5 -~ V3009 »11R72
6 ~« 0570606 - IN29 Y

EXTRAPOLATING
te15U2s-n2
Aen3TUr=nd
Ue70BAY-N]
3.u8781-n3
2:79251=-n3
2.%08864-0n3
2e11611=n3

Z1G~740G

5.70334-03
2492R13=03
2.432614-03
1:62191~03
186671 -03
1,1LR2+-03
£40075¢=03

-185-

tULER LIk,
-06251,9
~-3Iny1at,s
«S2374 .8
«32778.0
~2QulfN,Q
~Untul 0@

-t32sn,n .

-2R3ub,.8
-1a207,2
«22572.3
~dNLEA B

LRIPPLING LM,

-Q14aN3,2
-13%13.7
=12AANB, %
~128235,¢
«13%2R8,n
~ltuuB9,7
157499, 0
~1n7a75.x
«22708% .4
=120nrFba
-126721,7

LURER LIMe UFPER LM,

-50000.0 Inn0n.n
=50000,0 SANNNH
=5000N, 0 Spa0osn
=50000,0 500000 -
-S5N0NN, N 5natn.n
«50000,N ENN0n.0
~50000,0 . LSAn0oen
“50000..0 5nn00.0
«&AONN O 5000N,0
“S000N,. 0 5000060
-50NNA,0 5000060



AFTER 218FL

THEIS CESLAR af IGHS vellueaD}
TuE NE® GoAL wlll 8E B.66)04U]

THF PESIGN G
rFMPER  DrarETER
Qe goy
2709
2+8584
2703
Fetua
FRT AR
26174
Jetiad
(RIS
3.ans
2918

- DOPNPTAE BN -

- -

TRE ARALYSLS

LOADL €ONDITIONT
STRECSES
¥EMLER  STRESS
71e1.7
RITN,S
“1n4.q,0
-AALQ, U
~7007,2
=1n3e3,0
11057,
~11139,0
392,48
10555,1
~in8TR N

WD OPNP AT -

DISPLACEMFNTS
KOOF
n. 00000
«G2393
+ 5384
-a1393
o112R69
»OUAIB
LOAD CONDITIONR
STRFQSES
MEMRER

P2 AE U -

STRLSS
u4us57,9
1IN, 0

-307n,7
495Q,2
1200,5
[REUL

-1Q61 .6
6u297,2

-%956,8
usr 2.4

=-2n32,06

" DOEND?PE VY -

-

DIsPL ACEMFNTS

NODE

n, 00000
+1uds
N2059
05479
«02759
+N23%9

PAEUN -

O/T LIM]IT8«

0, 004D Y000

THICAMNESS ARFA VIRI/TIRY HOMLNT OF INFRT]A
3y il 1920k Pe26Q4-014
03¢ 227 & 20 2268440}
[Xis1} 2288 HQa 1% 2e90Ua=0
o013y 279 A7.A3 2724 0~ud
«13¢ -1 A%.10 2,306 =0
13t 224N 7R84 1752004
s 13 217 AP 37 1a293e~0%
o134 «34R 1nq.a3 Se3210an}
034 L1485 urke2 3:C68.-n2
oN3y <300 Su .St 343G0em01
s 031 £293 Q2.29 3,157

FCRCE ELLER LIre LRIFRL MG LM, LORLR LIM
Jaglal -£5279,.1 ELTS LU e5nONA 0
JUQu,3 ~éTvI7,7 ~tLnadn, e N AITiI )

-2973.8 ~k7120,0 ~1Y¥ta02,.8 ~EN0AN,. 0

26638 -SEATH K PERTYS L. ) =5uNnn, 0

-18e0.5 ~26nu52,3 LS IR EL I ~5af0n.0

~2497.0 ~33aLb,3 -188221 .4 -5n{tna, N

i010.4 ~1na70,8 ~i7REN A ~KAOAN, 0
~39n7,.8 ~27534,8 -1rasSt,a ~Sa00N. 0
1h52.4 ~1>u94,9 280867, R =-500NN N
3169,2 ~2N386,9 121069, & -RA000,0
=3130,.9 ~louup,?7 ~13nn23.% ~s5n0nn. 0
Sep0ni0
-0 13477
000000
=eN2781
weiNpd9
-a 012763
FORCE ELLER LIMe (RIPPLIAG LM, LOrER LM,
16703 -66279,1 ~SretS,u ~500NN. 0
465.6 “e7T177.7 ~tunpldn,u 50000, 0
“675.6 ~42120,0 133492, =50000,0
19ul, 9 ~38A7H,8 134519, -50000.0
316,9 ~26R62 .3 -18u396,n 50000, 0
26544 =33h04,3 ~182221.¢ ~snhin,h
Ly Y 5] «1nn7N A 175608, 4 -5n00n .0
1u99.4 27534 8 -106551.p ~50000.0
«580.9 ~1ou0u,9 258678 wsaftnn.n
1375.8 ~ZNYIEH .9 124069, % -5000N.N
~595,9 lguti,? «13nn23,.% -5a0300,0
Q00000
shO5UY
Nenan g
- ANAL8
-eN13
LFLh ]

UFPER LM,
500 (0,0
Ina0nN.NH
Snn00a.0
INNNNGD
san0n.n
s0nN0.g
EOP0N.
snnte.
sna0n,0
SAN0N D
s0n0n.n

LFPeR LIM,
Sondn.n
5A000,0
SON00.0
snnon,n
50000,0
50n0nN.0
Santa.n
Snn0n.0
5n000.0
SANGND
L0000 0



-187-

Lo, CUNDITIONS

STRI &SFS . .
MEMLER  STRLSS FORCE ellEr Liry LRIFS| ING LIM, LUWER LIMe UFPFR LM,
1 «-52369,0 ~-£194,) -t%279,.1% ~OnaLS L ~S000, 0 Sonfitt, 0
? =2Q5R,9 ~nhfl, 9 ~27177.7 Lo,y “SH000,0 S0NNL O
3 1978,9 564,73 “- 170N «t¥3Q2,p ~&n0NN, 0 5000040
[ 25¢c2.0 703.7 ~ZHATE, B -138A1Q, 1 «5ONNN,. D - TE Y]

% R714,5 «300,7 =25182,3 ~lLtS6 .0 ~50N0NH,. 0 50000 .0
I -2367,2 -570.3 =33rub,3 “~158221.46 =HuAn0. 0 500000
k4 u1ls .4 89v,2 =1na?0 K - 17R&NA A ~80a0N0,0 Sonnin.g
3 =-2933,0 -1023,4 ~E TR R ~10erSt,p 80NN, 0 Srpnn 0
S 19,1 2.8 ~12054,9 -260k67 .8 ~s0f0N. 0 £nnlhen
tn ~29E9,4 ~897.4 ~enIPb9 ~12RGEILE 500000 Snathan
(%] 3502,8 102740 -lquun,7 «~13nn23.% ~SHNANG N LY Y ()

DIsP| ACEMFATS

NODE
1 N 0ONUD Geqinnud
2 U EAT ) «D1PST
3 -eN2732 Nenonta
u c-a 12084 sINKZT
L3 -a1i312% ntanN
[3 -+ 86030 - NNASY

EXTRAPOLATING
61538803 JsIRALv~UD
3.72800.03 148020403
3.175R3-n3  1.33561-0)
2.0bh571=t3  1,21U54-03
24685003 1,1914%~03
2+83561203 1.08179-03
28197103 1,0735:-0)



AFTER  20S8FL

THIS CESlaN #FlGHS 86810401
THFE ME% Gnal s fLl PE Re2u7se0t

THE rESIGN.e
MFMEBER
U221
20545
26874
2486208
2.up2
2e208
12958
3.urid
10278
2+8u9
2.8uN

S DOP NIRRT U -

-

THF ANALYS!S

LOAD CONDITICNE
STRESSES
BEMLER  STRESS
72¢7,8
93,9
~11103. 8
-3377,9
-7201,5
-11006,%
131804,3
~11515,4
11705,8
$1138,9
~{na3fi .0

-
-DOPNRERL Y-

D1sP ACEMENTS
NODFE
n.00000
o0 2ul19
05519
- 001n 26
«02%99
« 05000
LOaAD CONDEITYIONZ
STREQSES
KREMBER

PAE U -

STRESS
uuLs,5
1864,9

-3218,%
UL ,0
1256,7
1193,7

-2143,9
u328,?

-uuby,u
4759,0

-2131.7

-
- DOEDPAPRE U~

O1SPLACEMENTS

NORE

a,00n00
«01u75
«020%6
«05587
02213
«N2394

PN E UV -

OrT LiMITsa
OratETER

THICKAESS
N3y
03y
e 03]
03¢
03y
' N3y
034
N3y
afi3y
«N13g
L1034

FORCE
BITIRC N )
2391.n

-5966.5
~elglen
-1771.4
~2u19.3
2307.0
-3%92,4
1495,1
J167.9
-31p2.4

NenNNN0
~sjlola
000000
-+ 12050
-s11118
-s02935

FORCE

1866,2

4?7,.,9
-859,9
19u7,%

309,18

26243
=-%19,0
1899,7
=-572.4
1363.1
~6NSen

f.00000
NNa34
Q. pantd
- NNR5E
= N0560
«00a%1e

~ 158~

ARF A
29
2756
L-x4
262
aFUA
«219
198
o« 3UA
127
+28u
» 783

ELLER LIb,
~05u81,1
~2u3%8,3
~UL13RS5.4
~25%403,3
~d26L6,7
~2RA0CY, T

~8AR39.%
~271P2,8
~VLEQ, 3
-1A321.7
~18216.6

EULER LIb,
~b5051.1
~2L35H,3
-~ 1365.6
~-255u3,3
~220u6,7
-2p001,7

~Rr&3G9,8
-271R2.9
~ouk9,y
~18321,7
~}R216.6

N POANT 300

LERY /TR MCGreT OF INFRTIa
1V2e74 8,39%:-0)
An.bGA 2.108,-n1
Auefe 2388401
AZ.6N 2:2634-0}
TTe4y 1.R8085,~01
+9: 19 1e33n4~n4
A1052 D352, =02
fnQ.ty §.2200-0%
ufnern 2:6115-02
59,99 2.808:~0%
kG 3y 24863401

CRIPEL ING LM,
~QnunNt 3
“tuars9,n
-lLpaQ0,7
~lus>67,a
~lGu0fd,y
173535,
~fosn®i, v
~1naa%6,4
~290L01 .3
~133035,.%
~136%21.%

LRIPPL ING L1IM,
~9nulif .3
-{uar59,.n
~1U2A90,7
-lus2AaT,.0
PR LIN1.1 e 4

. el 73u35.9

~1G805H Y
-10Q056 A
296 .Y
«-133%035,.%
-t3u%2tey

LOreR LM,
-5a0NN, 0N
~50000,0
-50000,0
~snbnn,n
«S 000N 0
“~&O0A0 0
“Snfnn.N
&N A0 0
~Sa00a.n
—-5annn, N
8500000

LORER L1IM,
=5n0nn.n
500000
54000, 0
“5n000.0
=500N0 0
~50000.0
~&5afnn, 0
~a00NN, 0
“50000,.0
-SNHN, 0
~SONN0,0

1rPER LM,
Snnfi 0
SAnN. G
50000, N
snufn.
500000
sSnAnn. 0
S50n0ne0
s5an00,0
SpaNN N
EOn(n.n
Saa00.n

UFPER LM,
500000
SOnAN. N
sonnn, o
LOpno .o
sanan,n
£nnOn.n
sonfn .0
SONAN.N
sSpnnn. o
5nN00.0
500000



LOAL CUNULITIOND
STRFQSFS
MFMEER  STRESSK
~“Riun,d
-3120,5
20,2
2663,3
03e2,.2
-2513,0
usus 2
-297u,6
~e7.9
~31CR,2
I419,7

= DOT NI UV~

-

O1scr ACEMFNTS
NCNE

n,UaNU0
e 11720
- 02760
-e$230¢
—el13182
~eN63IN3

PNE N -

EXTRaPOLATING

FORLE
~2176.,8
=799.6
55648
693,.6
Z23n3,2
-552.3
BEG.3
~1031,3
-3.5
~-pfl,7
1027.3

0. n0nL0
- «N1a52
Neaannn
2 (1NBES
11948
- NNRTD

Re3N376aNI  S.8760-03
AouSUZ1~03 247107103
§.0U AI=N3  2,067931~03
§,72ULe=N3  2,28014=03
S.xEAB1-03 2,3n2%4=-03
S, uBbLI=N3 2.0705¢~03
5.:N%50=03  2,09911=03
53371103 1.9u13+-03
§.27Te1-03 1.9617+-03
5.22%52+=N3 1:8370¢-03

21G-726G

G.A1TU1~03 $430924-03
Uy7019+-03  1,25774-03
U A6NT1-N3  1,26751-03
G adNUI=03 1426702 =~0)
U,AN3NMIaN3  1425%124-0)
k. &B10sr-N3 1.,28004-03

216-7A6

0,u9251-n3  1.334b:=03
4, 30LEe=03  1,2530+~03
Ue 767103 1.27894-03
Le35519=N3 142u67+-03
G,33%584-03  1,270u4-03
UeIJHTe=NI 142371403
4,297681-03 1,26094-03
4e27902=n3 1:2276¢-03
Le26n31an3  1,25N48:-03
UeoL1E1=03 1,2179:¢~-03
Ge223Ur=N3 1,2un52-03

216-226G

FuLt POINT LEST

1eR7302=03 1.0545:~03

-189-

tLLlem LIk,
~65451,1
~2u3Sh 3
~Uy365,.u
-25%L3,3
—eouub, 7
=2anN1,7
“n&39,5
~27102.9
=Qu%9,3
-18321,7
-18216,.6

CRIPR TNG LiMe
LU ]
~1aaI%9.n
“lLDAN Y
~LezET .
B LIN-LT S )
1735,
-168058, 1
-inoefa, s
-2592ub1,%
~13%335,.«
-1M121,. %

LOwkR LM,
-50000,0
~SNONN.0
“-500NN 0
-Sannn,n
«SNaN0, N
=EN0NA.0
=50000.0
-500a0.0
500000
~&NONNL 0
=50000.0

LPPER LM,
Soabn.n
Sn000en
5NA00,0
500000
S5A00N.N
S0000.0
Snn00.0
5nn0N. 0
S50000.0
£0nOn.f
500000



AFTER boSEC

THIS CEsIay 3EIURS ce201rsul
TeF 2E» Goal »ILL €8 7.n4n0801

THF rESIGA .
MFrLeR  DrarETER
3874
2.4
2. lQl
24507
26299
AE~1-11]
14910
Ye 22
1e2al
24509
2e6u7

. DODPNIPBE WY -

-

THE 2AALYSES

LOat CONDITIONY
STRFLSES
MEMEER  STRLSS
7006, 2
.Q5E8,.9
12106,
-101£5.7
~-7970,%
~12247.8
1o0ku 4
-12356,2
115317
1nR72.8
“liub2.0

W DOMNNTPI AL U -

D1sey ACErENTS
NODE
n. 00000
12635
15831
~+00718
SH2RE0
+05323
LOAD CONDIYIONR
STRFQSES
MFMEER

PP E AN -

STRESS
unt9,7
V7174
-YLLU Y
THLE,0
1u71,.1
1278,0
=2150,4
u555,6
-u710,8
u%02.4
-2nk3, 2

=D ODNDP AT AN -

-

014P1 ACEMFNTS

NORE

n0NNNVO
« 01856
2N2128
«05u23
+02R68
112377

PRE W -

O/7 LM Tyw

THICrAESS
o113
«N3y
S 134
2 N3
013y
ety
+ 0131
o134
N34
o113y
i3y

FURLE
3n58.9
c3L045

=3022.1
-e503.7
“~17¢06,9
24315
23n5,7
~L051e8
1656,2
325644
«3025.9

Nean0H0
-elUASH
C0.annng
-s0i3228
-e1177%
= 13260

FORCE

1806,7

419.1
~859.9
1920.2

32641

254,2
~til.6
1494.n
-59uU,8
1373.2
~540.3

G« 1NN00O
«N078)
0. pnann
~e(iN018
e i10u72
(03U

-199-

ARF A
<386
vl
W SUQ
-1
221
2198
«191%
327
w126
« 299
-]

tLler LIr,
-55513.0
~J2006 L
=3r112,8
«23267.9
«~1AZZ8,3
-22017,9
~HIP9,3
-el3I2N,,Q
-q2ub,0
~i0309,7
~18n15,2

-55513,n
-27096,4
-36112,8
-232+,7,9
~1r528,3
-£2317.9

~HR2R9,3
-24320,9

-3506,0
~203n9,7
-1hR15,2

N4 BUAND 3100

LIh)I/TIR)  MOMENT OF INFRTIa
121+7R 74253001
TRty 1.F214=0])

TAST 195A1=018
TIR.B4 19640
#Q.7R [ LYTPN. 31
~2e59 CIN L PRIH]
AR 2R R,789.-0Ng
10%422 Goli174-]
Q.75 2.0%5730=02
cue3d 3e3714-01
X, 24 2+31t0-0}

LRIPELING LIt
~GR&IS, N
~1SarBg.&
1827178
~162205,4 ¢
=1T10A7,n
~161712.8
~1%0136.u
PSR -2:1, 0 -
=3IN1pFS A
=~127210.a
-luL1€n,2

ttler LIke LRIPFLING LM,

-9uel3g,n
“156188,.%
«182717,.%
=152205,)
«171067,.,0
-191712.p
~190136.u
-limaol6,.Q
«3M 85,4
=127210,4
~luutb6n,>d

LCRER LIMe
-5000N.0
~5uan.0
~eafnn,n
~SufnnN,n
~50000,0
“E500N 0
“50000,0
50000, 0
=50000, 0
-<ninn,.n
~50000,0

LOWER LM,
“50000,0
~Suftaa,Q
«KN0NNL 0
-5N000, 0
~-500NR.0
-Sa0nn.n
=50000,0
=50000,0n
-5n0inn,0
-50000,0
-snfna,n

LFFPeR LIV,
Souften
saain.q
S50000.0
sonna.n
5a00N.0
SOn0N.0
snn0n.0
Sonn.n
Lrn0n,.n
Lantnen
500000

UPPER L1IM,
Snufn.0
500080.0
5000N.0
50000.0
5010n.0
Son0n.0
sSAaa. 0
Sn00Ne 0
5nn00.0
So0nNN.G
50000.0



LOAD CONUEITYIOND

STREASFS
MFMIER

1

2
3
u
L)
[y
T
R
9
a
1

-

STRLSS
~6559,7
~3n71.5
2233,1
2ALALI
jagLa,u
-2801,4
w7708
-3037,.1
wi2e3
=2092,8
3712,.9

DISPLACEMFNTS

NODE

PPE NN -

n.ianhg
ceof1IAb3
-eN2R77
~a 02337
-~sN13203
- UEATY

EXTRAPOLATING

1s&37T02an2
13791002
t32U9 101
1e2630¢.02
1267004012
12457902
14226202
1e30R3vaN2
1191002

FURLE
415108
-7L9,7
557.u
T10,9
E271.9
-548.9
9133
~996.0
-2.8
“£QG.7
981,R

0. 00000
12035
N.nnnt0
00555
012029
-stiN7862

L14QUN =02
1eQ8u5=11
1112960 ~012
1.80321-02
Fe012Ls=0)
94979203
V43785103
Pe15970-03
BaFA20~-03

1.17610-Ne¢  B:76884-03
L1G=246
Qeu957s-03 4,0366s-03
B,Q25%1=N3  3,97734-03
R,AUIHI=-NT  5,93%ue=0)
R4T8LD9-03  3,9150:-03
Aa730820=03 3,dR99¢~03
AeaB271-N3 . 3,87u459-03
AepS53N1 N3 I BURS~03
Ret16t11=03 3,8310:¢-03
A.cBlurend J.caua«-03

216~746
Ran6SLI-ND
TeR7154.03

Jel17004=03
2,93754-03

Ten333¢wn3 2,88252-0)
ToRNA2:1.03 2,6702:~0)
778700t 2:8310:=-03
T«7¢8U¢-03 2,82214-03
7e750%¢afi3  2.7795¢-03
747343503 2.7717+-03
TeT18e2=03 24732a:-03
Ts7028+v-03  2,725c1-03
21G6=-246G
T.25961=03  <,70531-03
Tenl17e«ld 2,1715e~03
T.00730-03  2,2843:-03
6089 1~N3 2,21R0,-0)
be07AYI-NT  2,2393+-03
beOhhbIeN] 241870403
6.05T41-03  2,2020:-0)

-191-

ellEr LIk,
~55513.n
“~22006 4
~3n112,8
~232487.9
~16228,3
=22917,9
~A2P9,3
~26320,.9
~Qau6,.D
211309 ,7
~l%015,2

CRIPHLING LM,

~on%35,n
=~154188,¢
1527174 %
-15220541
171067 .0
-{91712,8
~19a¢38,u
-1140Ub,. 0
~3ayafs A
~127210, 4
~juuren,s

LORER LIrs
~K0000,0
~H0000,0
50000, 0
~5ANAN, 0
~5n000,0
~5n0nn,n
-SnONN,N
~sufan,.n
«5ANDN, 0
~EA0NN,N
«SA0N0,0

UFPER LIV,
SN0 0
sSnnGn,n
sSnnnn,n
LLUGHE Y
Snn0n. 0
SAuNe N
5An0N.0
SnniNen
5000800
S5nnnd.n
Son0n.n



L16=74G
6eAB2T1w0D
6 AL923.0)
628313¢.0D
6 R1GG-0D

ZIG~2406
$.79621-00
6o 7841003
62789 1-03
Be76T1 000
6e759%1=03
667529 00)
be?uhl1-0)
67390003
6.73271-03
beT288 003

ZIG=740G

HIDFOINT BEST
5e£2251-02
5.87760-03
S5.u6951-03
Sattlbr-Nd
S5.02500.03
Seuldbrwnd
SetiNBleaN]
53981102
§,302%1~03

Z1G~7AG .
S. 3676403
Sa322v-03
53749 1-nd
53708303
53663102
Se36241=03
5+3585+-023

21G~7a6
5,3105¢-03
5¢275c8-03
5.2696 003
52655102
£426220-03
5425900103

Z16~7A6G

MIOPOINT BEST
5.2322v.02
5.22409-03
5:21971=03
§.21681.03
5e2143¢an3
5¢21151-03
5.208Yt=0J

Z1G6-2A6
54172210
51630103
5.15731=03
5, 1540003
S.151tv-0>
S.16BLI-ND

MIOPOINT REST
5, 1458100
Se3u320-03
SetiN9rnl

1ev1510«03
1.950v9~03
1.9u81+~03
1,95884~0)

$a97U0Ge~03
2.01231-03
197134-03
1,999%5~03
La7651e-03
129926403
1a96NGe~03
1:9378¢~03
1,9848¢~03
Ja9845r-03

1277154~03
1.7785:~03
1.7880+-03
1e78500~03
1,706u1+03
147/314~03
1.78040~03
1.78"91~03
1.78174~03

1:77804~03
17779903
177660~03
1,7733+~03
1.7730:-03
147680103
1.7678¢~03

1,70264~03
1,69914~03
1.69u2+~03
1,0906:~03
1.,6884¢~03
1:0816¢~03

1,025¥~03
te0231+~03
1.0219¢~03
10202403
1.6199+~03
1.0175:-03

10175403

1:45925+~03
145906903
1,5891+~03
$e5868003
1,58580¢<03
1.5825v~03

1.58264~03
1457944-03
1457951~03

-192-



Z1G=746
5.122u1-0D
521083803
S 100k
5,0975%51-0n3

216~746
£.,0959¢-N3
5eN9271.03
5.0903¢.03
SenBTve~0d

MIDPOINT HEST
S5.NE55r.13
SeNt 31101

Z1G-7AG
S. 0680603
SeneiTr-03

MICHDINT pEDY
5«e05531w03
5en5201-03
5:.N5N54-03
QeLBreni
5eNUBPran3

21G-746

HIDFOINT EEDST
S5+n3L54.0)
Sen2761-n2

MIDPOINT REDT
50220003
§.0200-03
5ent770~013
SeNYSUI~NI
S5en132:.03
Senlide~nd

21G6-7A6
L,Q9%0r.03
4.89271.03

MIOFOINT BEST
4,0t8u1.0d
LoQESSI=N]
LeQb 321D

21G-7A6G
4,97151-03
GeQEG7U=N]

MIOFOINT BEST
GeQ630r03
o080 ) 01Nl

4e05Tyennd

21G-746G

4,a505¢403
HeQlUiGe~nd
Gen3IBVr~nN

1.55454~03
145552+~03

“1e556ue~-03

1,9553¢=03

145553+=13
145555i~03
1.553045-03
1.5%35,-03

1¢55154-03
1455174-03

Le5u224-03
LedGL7+-03

Ladt2u4~03
1,5u05:=-03
1e3uN7¢=03
1¢5%387,:~0)
1453900-0)

15310003
1e5310¢=03

1453074-03
145290403
16529u1-03
1e52754-03
1528.10-03
1.2263+-03

1:5192+-03
1451954¢-0)

1,52044-03
1.5)1%0+-03
1e51%u2~03

149157403
1ob3ugs=03

19126403
149117+-03
1¢51104~03

1e50960-03
145065103
1e¥NOL D)

-193-
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CASE y.A.1 FINAL OUTPUT

URARDOWN CYCLE COALETEY 2c G-tz 7.90209 40l .
NEw ORAWDONN GUAL #ILL -k 4POT Tabob7ustul

THE DESTON 1S
VEMUER O T ort t14les 1.0U aNU S0V,00

1 3.30 SU31 TuSe?n
H 2409 sU31 bhe 772
3 2465 «USt #3.30
e 2<50a 51 n0+6d
5 221 «U31 6962
() 2.07 031 05422
7 2.07 2031 n5. 30
.} 2.87 <031 G0e 5%
Y 1.41 2031 4¥ehl
b 3.10 sU3} 9re52,
11 2.3 U313 13¢57 .

VHE  ANALYSIES

Load Conpition 3}
MEVHER STRESS EULER CRIPPLING LAMLTS

1 BeBY114)) 441800 ¢04 ~1e15404uYh -da G399 404
2 1.0730%4n ~lenlYesnu B3 RR P TR AVEN LR L R NITY
A ~1.189%0 tuy “Belifhhe 34 =1e4592 405 “4eYIJrtne
u =140%H 04 “ceu bty 1ol buhy =4I tnu
& “BeBulis ty}3 =1anltoeny ~1.7230 4ub LS T2 ETR N
[ =1.2570%uy =2, 404 ~1eR59r +US ~44Y939, 04
7 1.2u90 by =Y. 735403 ~1.B37000% ~4.Y3)edny
" b PRLETR LY “lenlletny =1.325r tUb 4 Y, tny
Ll AeTuYrtys —ls1bbe ~2+61392 +05 —4H9Y,y tny
10 1.119s 4un L ZR RA YR ~1.229¢ 405 ~4 99, tny
11 ~1:255s U4 ~leeSheeilt ~1:6500tud ~4.979s t i1y
NONE DISPLACEMeTS
1 .00 tuQ GetiQie ¢0G

Hd 2¢9290~u2 ~1.h1Yr-01
A HeHS0s~uy2 LJUOUs 00
“ =5.532¢~03 =380 =02
S 2+9029~02 ~ledfle =01
n S5.890r=-92 =3e2999 202

LOAD CoNDITIUN 2
MEMHER STRLSS LULER CrIPPLING tiviTs

] SibRe +u3 =4¢)lHor el ~1.1580 405 44939404
? 18132443 ~Jenlystny ~1.H2Us¢uY ~3sYdystny
3 ~3.37H¢e %y} “4stihor +04 ~leU3rtush ~4e%992 40y
u Te3360403 ~2s+63be 04 =1eltd?r tUY ~4e9992 404
LY 145581493 =1+HlUes 4N “le7230405 “4eYI9 10y
[ 1¢3122%03 =2+ 4RBs NG “lsRSYs4UY 4939, t0Y
? =2.0971%u3 ~9.73%0¢03 =1+83714U5 ~4.4999 .ty
L) HelbHe 4yl ~1eH71r+04 =1+32%+ub 49995 404
q =4 4u22493 “1a1hGe t04 ~2.60890 tuh -4 ,999, tny
1 tieb23r 403 =2.1730404 =142299 405 ~4,999, tng
13 =2.0800 %03 =1.235s 404 ~1e6500 405 ~4.999, tn4
NODE DISPLACEMENTS

1 0.0Ufls 00 U.110U 00

td 1.822¢=02 741075-03

R} 2+4262=u2 VsUDU 00

[N Se6391=U2 ~3,u09s-03

L] 3e193s-u2 ~4e0229¢ =13

A 2e6800-u2 3e00Ur~-0)

LT LERE ST
EPENR PRI
EXREVTE VL
EPEPR IR T
$e9999 434
4o 494
o130 434
B e+l
P U PR T
SPMERIEILY
B33 400G

B.0390 44
44993 4
449990 404
40392408
4.Q99r 404
449992 4yl
a9 buY
4,999 494
4,09 4u4
B.999 ¢ 404
Q) 9s tu4



CASE 4.A.1

-195-

FINAL OUTPUT

LOAD CONDITION
MEMBER STRESS

ETNT PR\~

~6HeHI50 403
~3.4870 4y}
243580403
30252 %03
1,021 %04
~2.8462 443
Geuh204uU3
-3.393: 443
2.21%0 202
~3.2000 403
JeF49e tul

0.0UNs YU
2221005 ~02
~3.355He=y2
~246760~32
=3.684e=92
74089 e=g2

3

EULER
=4, 1Hbr N4
~lenstyrtnu
~4 dihYe $i)E
=2+:43br 2008
~lenlurnu
~2.ufueeny
~Gel3beens
LU YA NREI LY
=1:1h4r 0y
TS RAYR R
~1:s2350104

NISPLACE 4eMTS
UsuDus 2L
2+2271+72
Ve t0
ber 33t}
Zecbe=02

=7«nw%ur=03

CrIPPLING
L3 ER LRIV
~1.R2UstuUD
=139 tuS
=lsunT2405
=1.723¢ 405
~1eH39r40Y
~1.8470¢%u5
“-1s 825405
~2ebn rUY
2 ST PATRIL]
=1.h350r +US

tiviTs
LR N UFR ALY
~3eYde tny
4,930 tne
eIy tnY
-4 49ty
4o Idr 04
4999 tny
EETREBTAL L]
4 aYYIetng
=443 tny
LI RETALE ]

4,099 404
$e03F 04Ul
439 YUY
B30 404
Ha990 414
CYR L PR SVL )
P09 404
a9 4y
e QD0 404
XS TR L)
e 39y 0l



CASE 4.A.3 FINAL OUTPUT

THIS JESI5N wE1545 #elutr sl
17 Te53% 0014

THE NEX GOAL ALy

THT DESTLYe s (T ST Y & R

MEWAER  ulaveTeR

1 34507
? 3507
3 12480
3 1.9%9
& 1,950
& TeH4d
7 2,094
a 5.221
a 1.773
10 2.4
1t 3.221

T4 ANALYSIES

LOaY CoNalTIoNNt
STRISSES
VEMAER  GTRISS
Bn19.4
Hh%ded
=1293% .4
~33%7.4
~9139.4
=13u52.1
11273.4
~1236h7
11312.2
11099.7
-12159.¢

D UENTPE W=

- -

DIS2LACEMENTS
NOYE
GeNVNUD
~02H4 %9
05722
-1 311
+NZ2RUY
0HAT71
LoD CoNNTIIOoNe
ST2T5SeS
MEHIER  STRESS
Suslen
1429.0
~4277.0
10239n
[ R P
1178.n
-1a99.0
4853541
=3278.0
612641
-13%9.n

PRNE AV

DO WE NP S N

1
1

DISOLACEMENTS

NOOE

U« QU040
2N1637
«0N2163
+0635%
«12941
2N2401

DPAE ANV -

THICCIISS
. 131
» 331
3381
« 131
« 3131
«151
23
« 131
. 151
131
» 131

SRR Job-
2334h,5
333444

~2439.5
-1421.5
SN Er
«2452,5
2554.1
~3390,4
230%,2
2322.2
~3313.2

N.0uN)a
-~+1437%
Ta 30048
“e33%43
“e113495
=+ 13340

ERT b4
17735
300,49
“313,7
1345.4
291,42
22143
~35%.5
134565
-390, 7
123143
“530.5

D.00000
2 NUS7

- 196-

Mol 4) 330D

niZA PARINA SR Y
e300 113.30
« 397 110.30
o147 FEZE )
«19% 31434
s19% 3333
Y 33414
«247 55.37
+ 321 131430
«127 2375
I 2547
« 321 t31.3

BIR IS & PR
“459%8.4
45994
=2D455.2
AR TULY ]
=19182.¢
“2n4H59,.2
-39%4.4
“23422.5
~1a)lf8n.9
=334
«23422,5

PIE B PR
=459 L4
=553 .4
20 45%4.2
=t4ud’.y
“13u97.9
~21459.2
=29%4. 4
“2342245
“181949.9
=334, 4
~2342245

n.00030

-e 111410
e 31357
e VYR

M2I3_(N5 I,
~1 14743.7
-113743.7
=212%3323.0).
~13752%.4
-1 12325.4
~212343.3)
~3142373.4%
~114455. 8
~215221417
~142i 7.4
~t13495.3

R LN SUCIING EN
-133743.7
1147437
-212943.9
-} 1352344
=1 31523.%
~212843.0
~132171.4
~t149253
=215221.7
~142174.4
1134553

AOMINT W EIf1A

e 5430 ~Ut
ETR KRN} |
o3l enu2
3,271
1,2710=92
Yo 511e=3>
fe143s-4]
21752 =01

9:3320=92

1etl43r=Ut
b1 75001

LAY LM,
~33007%.0
~201.47.0
-30042.0
LRI NE PR
=30917D
«50930.49
=360:30.0
=50130.0
=331n.30.0
=50000.0
=5uf143.90

L2492 iV,
=35000240
=308109
~300.10.9
-30030.0
-30030.0
=300:090
~500474 9
~30n30.0
=580°10.0
“500:30.0
=50000.0

32323 Liv,.
5%410,.0
52410,0
5%990,0
"a0d00.9
50400.0
30300,
23d10.0
50400,0
53370.9
53300,0
31300,0

JA323 LA,

53u00,9
50000,.0
“00006,.0
59310.0
504370,0
50370.0
5N310,.0
500N0.0
50000,0
5041040
50000.0



CASE J.A.3  FINAL OUTPUT

L8 Cuv
STaI55e5
MEAIER

- DWRNL P -

1o ACT
NONE

P DE A -

RIFP EAR

STRI4S
~heTted
“2nufed
21790
212147
1151%.4
~51h%ed
49531
“237 4"
=-3933e1
~329%.4
3un7ed

MZNTY

0. 23040
- N2 40
~e2 2
-s 12U 3%
- 03341
~eNIl 13

LI R o4

“2137.3
=327.5
4,7
35804
2243.7
=34 .5
I5h41
“354, 3
“154.4
-337.3
122%,.5

Je T30
. 12349
N.303.40
PRUET R
« 12141
TR S )

-197-

IR LT
490 bled
EFEL Y] )
21458542
-19uRl.)
“1%d37. 4
EFHEES T4

~34M 4
28343245
«1A1%3.9

“39 0404
“23422,.9

SR3I_ENS 14,
=1 14743%. 7
-114743.2
=212343.8
=1 12523.%
~173523.9
=2 1234343
“l 12174,
~114495.3
-2192221.7
“142173.4
=114%25.3

LI Llu,
=304 )
=311a0. 2
=39%31.3
=317
=301 3.9
=5uNued
“300 330
-30357.2
=305 3100
~3iN 176 )
“3dN0%0

SEEIE I '

130,90
31410,0
51470,0
53410, 0
29070.0
57470, 3
2097%0.0
2115040
91110,.0
59396,
533470,9



CASE }.B

FINAL CUTPUT

THIS CESIGN RELILHS ©eBlurevl
THE hE® GOAL wiLL Br Geu730ev]

THE NESIGNa»
MEFEER  DJAMETER
3.930
2347
1s847
1+889
tebu?
j T8 ]
10133
3eNpd
1:010
2¢118
2+ U454

" DORNOIVEUN -

-

THE aNALYSIS

LO2D CONDITIONT
STRESSES
MEMEFR  STRESS
aaLn,7
11609,9
~185LU9,5
-125c6.3
=RUDU,T
~13920,9
1665245
~iu7ig.8
18907,9
fundt .o
~13201.9

DO CT NTWVE U -

DISPLACEMENTS
ANODE
1 0, 00000
2 «N2A13
3 [RA-YE°0 )
u -e1251
£ 202043
-3 «U576%
LOAD CONDITIONZ
STRESSES
MEMBFR  STRESS
4335,9
20c5.3
~a3s2,1
In566,4
141%,0
1409, 3
=2Rc0.Y
u9l0,4
~8A19,7
6115,y
-2395,1

CT SOV E W -

- g
o

O/7 LIMITSa

THICKNESS
113t
N3y
U3y
203%
ceti3y
03¢
203
03y
+ 03¢
3t
o113y

FCHLE
3314.5
2u91.2

~ébL 3,9
-¢338.3
-13%91.8
=c17cen
PELOW D
-6512.2
190d.6
2970.0
~3252.2

0.000U0
-s 18779
fsunn00
- U109
~¢13737
-e03710

FORCE

17n2.6

uy?,.y
~803,7
1959,3

298,7

220,11
=326.2
1505.3
-567.4
129u,8
-587,3

-198-

AxFA
«392
218
« 164
«185
« 164
«156
o113
306
100
211
U5

ELLER LM
~57185;2
~17078.%
~i97u2,6
=12503,5
~1uusdat
-~lutade?

-28N2.8
-21253.0
~591f0.1
~10132,6
“136np.n

cbLbenr LId,
=57165,2
~17u78.%
~lu7:2,6
«ipun3,8
-1ans3,.4
~1u163,2

-2un2.8
-21253,0
=Rei0,}
~ia132,6
-13500,8

N 00400 30000

LIR)/THR) #CPenY OF INERT1A

' 12360 7.58ua-04
~7.50 16237e-N)
L. T311 ] 7875+ -02
RALUA B.0334=02
£y .81 5.53Q¢=0n2
LQelb Ue7750=Nn2
18.465 1.£214-02
et 360800}
3177 1e2EGs-07
theb2 1e187+-0)
17419 1 EUT =N}

CRIPFLING LIM,
~97n83,8
1776624
=206859 .4
2083497, 8
23187845
~2Lunbl. e
- =33r890,0
~1cu35S.n
=377&58.0
«18n110,7
-155u54,9

WFIFFLING LM,
~97083.6
-177662,.6
-20a859,4
-208197,%
-231%78.2
=2LLn6l.6
~3368596,0
«12u3%5.0
~377658,A
-18nt110,7
~1€%u54, .0

LUBER Lle
-5000N,0
~5uln0.h
-SAN00, 0
=5p000.0
~saftn,n
“50000.0
=500n0,.0
~50000,0
~5uf0n.
~€n000, N
~5uN00.0

LUsR LUIM,
-Sunun.
«50000.0
-5nP00.0
«50000,0
-54000,.0
=-5uNNN 0
-50010,0
-s5u0nn,a
-S0NN0.0
~5a000,0
~5600n0,0

LFPER LM,
S5rndUen
50000
ECn00.0
Loegnen
SonCiey
500000
Sn000e0
S5on0n,q
SAndn.0
SON0N. 0
S0n0De0

LEFER L]1Me
500060
5000040
Spngo.
50000.0
SPn00a0
SPnlnen
£na00.0
SNNG0.0
SOn0.0
EOn0ned
5000040



CASE 4.B

FINAL OUTPUT

DISPLACEMENTS
NODE
ne0OOVLO
JUguud
N2140
0p%d2
+03007
02002
LOAL COMDITICOND
STHESSES
»EeLER  STRLSY
e%ih7,.4
-3092,0
2531.8
Yully 9
1uni8,s
«33t6,.0
32,9
-3ubg,7
-3k, 8
~3617.1
‘u3«2,8

PV E N -

b3 - V- P Y R VR VRN

-

O1sPLACLMFNTS
aODE

N.UGAUO
- 01719
-e 12039
~e02457
~e 03593
~+08279

E R R VPR

-199-

Gephneo
0in73
Qenpnrn
-afi11¢8
o178
03735
FOnLE LLLER Liky
-2125,2 ~52185.2
~765.8 ~i17n78.%
46?.2 ~lv?uz,.s
63249 ~126403,5
3143 ~lans3.46
~525.7 ~16163,2
&al.3 ~2902.&
~1056.3 ~21253.n
=32.7 ~-5810,1
~765.6 ~10132.6
1660,1 ~13a0n,8
G oOOUO
02223
Q40000
s 00675
12137
-« 0Na%7?

LREPBLING LM,

-QIn383,6
~177862,.4
~2NA85% .4
~2dNK197, %
~231578.2
-2kunéldn
~33n%98,4
-120355,.u
~377653 .4
-18n110.7
~155u54%,9

LCRER L IM,
~50000,0
-S50000,0
=4 000N 0
~5alina,0
~5000N, 0
~5u00N,.0
~500NN,0
-spfinn.q
~50N0,0
~50000.0
~5a0NAN

VFPER LV,
5en00eD
S000040
SnniiN.g
SeHC0en
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